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ABSTRACT 
The Effect of Sternocleidomastoid Muscle Activation Pattern and Feedback Condition 
on the Vestibular Evoked Myogenic Potential 
by 
Mary Jo Davenport 
 
The vestibular evoked myogenic potential (VEMP) has been shown to be clinically useful in 
providing diagnostic information regarding the function of the otolith receptors, inferior 
vestibular nerve, and vestibulospinal pathways.  The VEMP is a biphasic response elicited by 
loud clicks or tone bursts and recorded from the tonically contracted sternocleidomastoid 
(SCM) muscle.  Because the VEMP is an inhibitory response, it is important to investigate 
stimulus and parameter characteristics in order to determine the optimal test protocol and 
maximize clinical usefulness.  The aims of this study were 1) to evaluate the effects of 4 
different methods of SCM muscle activation and the effect of visual biofeedback on VEMP 
latency, amplitude, asymmetry ratio, mean rectified EMG level, and difficulty ratings, and 2) to 
determine the influence of SCM muscle activation pattern and visual biofeedback level on test-
retest reliability.  Forty-eight healthy volunteers between the ages of 18 and 50 underwent 
VEMP testing using each of the following muscle activation patterns: supine with the head 
raised (SE), supine with the head turned away from the test ear (SR), supine with the head 
raised and turned away from the test ear (SER), and sitting with the head turned away from the 
test ear (SitR).  Testing subjects with the SER method yielded the most robust amplitude 
response and sternocleidomastoid EMG activity.  No statistically significant differences were 
found in interaural asymmetry ratios among the 4 methods of SCM activation.  Subjects rated 
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the SE and SER methods as more difficult than the SE and SitR methods at each of the 3 target 
levels.  Test-retest reliability was high for P1/N1 amplitude and mean rectified EMG levels when 
subjects were provided visual biofeedback to monitor the level of tonic SCM muscle activity.  
The study demonstrates the importance of providing patients a means of monitoring and 
maintaining the amplitude of the rectified EMG at a constant target level during SCM muscle 
activation.  Although no evidence to reject or strongly favor a specific method was found, 
monaural-ipsilateral recording with the SitR method was found to be advantageous for 
individuals with weakness or decreased endurance for sustained muscle contraction.   
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CHAPTER 1 
INTRODUCTION 
 
The inner ear contains five sensory organs that participate in the coordination of eye 
and head movements and maintenance of equilibrium.  Due to its complexity, there are few 
tests available that can evaluate all the structures and pathways of the vestibular system.  
Traditional vestibular testing has been most successful at isolating and evaluating the integrity 
of the horizontal semicircular canals and superior vestibular nerve, but isolated testing of the 
superior and posterior semicircular canals as well as the otolithic organs has been limited.    
Recently, the vestibular evoked myogenic potential (VEMP) has been shown to be clinically 
useful in providing diagnostic information regarding the function of the saccule (one of the 
otolith organs) and inferior vestibular nerve (Colebatch, 2001). 
  The otolithic organs, by virtue of their ability to sense gravity, play an important role in 
the sense of verticality and postural stability.  An imbalance between the otolithic organs can 
falsely signal a head tilt, resulting in sensory conflict with information from the visual and 
somatosensory systems.  Otolithic organ imbalances may also result in an ocular tilt reaction 
causing the eyes to counter-roll and tilt one’s vision.  Static perception of spatial orientation can 
be assessed using the subjective visual vertical (SVV) test.  In this test the patient is asked to 
adjust an illuminated rod to a vertical or horizontal position in a darkened room.  Although the 
SVV test can provide a means for examining basic otolith function, it has limited sensitivity in 
centrally compensated patients with partial lesions, and it does not distinguish between the 
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saccule and utricle.  Further, in addition to input from both otolith organs, patient performance 
is affected, both directly as well as indirectly, by ampullary and proprioceptive function 
(Kingma, 2006).  Although rotary chairs with capability for evaluating off-axis subjective visual 
vertical (SVV) provide a more sensitive measure of chronic vestibular involvement, yaw rotation 
creates a centrifugal force that is most likely to activate the sensory cells of the utricular 
maculae.  Finally, while the mechanism of ocular torsion as it relates to the SVV test is 
speculative, it is generally accepted that tonic ocular torsion is under utricular control.  
Therefore SVV primarily tests utricular function, while providing little to no information on the 
functional integrity of the saccule (Halmagyi & Curthoys, 1999).   
 Other tests that provide insight into vestibulospinal pathway function can help 
characterize the patient’s vestibular deficit in terms of postural stability; however, 
interpretation of results is confounded by the fact that multiple and converging systems 
subserve balance.  For example, computerized dynamic posturography and posture platform 
perturbations can provide information regarding the integrity of postural responses; however, 
the relative contribution of the visual, proprioceptive, vestibular, and motor systems to the 
response is unknown (Allum, 1998; Keshner & Peterson, 1995; Runge, Shupert, Horak, & Zajac, 
1998).  Other clinical tests such as Romberg, stabilometry, stepping, and tiltboard testing also 
rely on complex, multisegmental actions for the appropriate response, making it difficult to 
isolate the vestibular contributions to the response.   
The VEMP is a short-latency electromyogram elicited by high-intensity acoustic stimuli 
and recorded from the tonically contracted SCM.  The nature of the evoked potential is 
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dependent upon both the intensity of the acoustic stimulus and the level of tonic activation of 
the SCM.  The amplitude and threshold of the VEMP response provide the greatest clinical 
utility in identifying vestibular pathology specific to the otoliths.  One of the unique features of 
the VEMP is that response amplitude correlates positively with stimulus intensity and level of 
SCM activation, while latency has been shown to be independent of both factors (Akin et al., 
2004; Colebatch, Halmagyi, & Skuse, 1994).  Because VEMP amplitude increases in proportion 
to the ongoing EMG level of the SCM muscle, it is important to maintain isometric muscular 
tension throughout recording.   
In spite of the importance of ensuring adequate tension in the SCM, varied positions and 
methods of SCM activation are currently used in both the clinical as well as research settings.  
The many different methods of SCM activation make it difficult to compare findings across 
studies and thus determine the optimal VEMP test protocol.  The various methods used to 
obtain a tonic contraction of the SCM muscle throughout VEMP recording include:  1) lifting the 
head off the support surface to bilaterally activate the SCM muscles while in the supine position 
(supine elevation method) (Tribukait, Brantberg, & Bergenius, 2004), 2) pressing the head 
against a padded bar (Bath, Harris, & Yardley, 1998; Colebatch et al., 1994), pressing the chin 
against an adjustable stand (Al-Sebeih & Zeitouni, 2002), or squeezing a rubber ball placed 
between the chin and the manubrium (Ferber-Viart, Soulier, Dubreuil, & Duclaux, 1998) to 
bilaterally activate the SCM muscles while in the sitting position (sitting forward flexion 
method), 3) rotating the head to the side opposite the stimulated ear to unilaterally activate 
the SCM on the side of the test ear while sitting (Aidar & Suzuki, 2005; Akin & Murnane 2001; 
Basta, Todt, & Ernst, 2005) (sitting rotation method) or supine (Wang & Young, 2006) (supine 
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rotation method) positions, and 4) simultaneously lifting and rotating the head to the side 
opposite the stimulated ear to unilaterally activate the SCM on the side of the test ear while in 
the supine position (Bhagat, 2006) (supine elevation rotation method).  Few studies have 
compared different methods of SCM activation to determine those positions that yield the 
most robust and reliable VEMP responses (Isaacson, Murphy, & Cohen, 2006; Wang & Young, 
2006).   
Recent research in the Vestibular Evoked Myogenic Potential has established the clinical 
usefulness of the VEMP recording.  While caloric and rotational testing provide information on 
the integrity of the horizontal semicircular canals, and posturography and platform tests 
provide more general information on sensory interactions for postural stability, VEMPs provide 
an opportunity to uniquely evaluate the integrity of the saccule and inferior vestibular nerve.  
VEMPs thus supplement the traditional vestibular test battery by providing otolithic specific 
diagnostic information.  Further studies are needed to establish normative data, investigate 
optimal test protocols, and determine disease specific responses. 
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CHAPTER 2 
LITERATURE REVIEW 
 
Basic Anatomy and Physiology of the Vestibular System 
The vestibular system enables the body to maintain posture, orientation, and gaze 
direction throughout the performance of complex movement related tasks.  Vestibular 
information is integrated with information from the visual and somatosensory systems in the 
brainstem and midbrain.  Ascending and descending projections to the eyes, neck, and limbs 
allow the adjustment of eye and body position to meet changing postural demands that occur 
throughout movement and in the presence of external perturbations.  Projections to higher 
centers provide an ongoing awareness of position, motion, and orientation.   
The sensory receptors of the vestibular system are located within the membranous 
labyrinth of the inner ear, a series of fluid-filled interconnected membrane sacs located in the 
bony labyrinth of the petrous portion of the temporal bone.  The vestibular labyrinthine space 
consists of two connected sac-like structures, the saccule and the utricle, and three semicircular 
canals, the lateral, superior, and posterior, which connect to the utricle (Figure 1). 
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Diagrammatic Presentation of the Vestibular labyrinth 
 
 
Figure 1.  A semi-diagrammatic presentation of the vestibular labyrinth showing the 
relationship of the utricle and saccule to the semicircular canals and cochlea.  Inset shows cilia 
of the saccular macula embedded in the gelatinous matrix of the otolithic membrane.  Adapted 
from: Bassani, R. (2009). Studio Medico Bassani. Neuro-otology. Retrieved from 
http://www.studiomedicobassani.it. 
 
The maculae contain the neurosensory epithelium of the saccule and utricle, while the 
cristae ampullarae contain the neurosensory epithelium of the semicircular canals.  These 
epithelia are ectodermal ridges covered by a supporting structure into which the stereocilia of 
the receptor cells are embedded.  The receptor cells of the ampulla of the semicircular canals as 
well as the utricular and saccular maculae are spontaneously active.  When mechanically 
stimulated, these hair cells generate neural signals that travel along the afferent fibers of the 
vestibular nerve.  The maculae of the utricle and saccule respond to linear accelerations, while 
the cristae ampullarae of the semicircular canals detect angular accelerations.  Although the 
maculae of the utricle and saccule are oriented in the horizontal and vertical planes 
respectively, the receptor cells for each are variably oriented with their axes of symmetry lying 
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in all possible directions.  This arrangement allows the otoliths to respond to any acceleration 
within the physiological range.  Because the saccule is oriented in the vertical plane, it is 
especially sensitive to vertical translation of the head such as in riding in an elevator, ascending 
or descending stairs, and during walking and running activities.   The hair cell receptors of all 
five vestibular organs are characterized by varying firing rates; some fire tonically in response to 
sustained acceleration due to the effects of gravity; others are phasic and respond to changing 
velocity of head movement.  Thus, the highly sensitive receptors of the semicircular canals and 
otolithic organs provide ongoing information regarding head position and motion and the 
orientation of the head with respect to gravity.   
The inferior vestibular nerve carries afferent information to the brainstem from the 
ampullary cristae of the posterior semicircular canal and from the saccular macula, while the 
superior vestibular nerve provides afferent information from the ampullary cristae of the 
anterior and horizontal semicircular canals and from the utricular macula.  After entering the 
brainstem, nearly all vestibular afferent fibers bifurcate; ascending branches project to the 
superior, medial, and lateral vestibular nuclei, while descending branches project to the medial 
and inferior vestibular nuclei.  The vestibular nuclei then make connections with the following 
four functional areas of the nervous system: 1) the extraocular motor nuclei, 2) the cerebellum, 
3) the motor reticular formation of the pons and medulla, and 4) the spinal motor neurons.  
Afferent fibers from both maculae and all three cristae contribute to vestibular reflexes used to 
maintain gaze (vestibulo-ocular reflexes) and postural stability (vestibulospinal reflexes) and to 
stabilize the head relative to space (vestibulocollic reflexes).  The circuitry for the 
vestibuloocular reflex includes afferent fibers traveling along both portions of the vestibular 
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nerve to the vestibular nuclear complex.  Excitatory projections from the vestibular nuclei 
project to the abducens nucleus, which in turn sends projections to the medial rectus ipsilateral 
to the stimulated ear and the lateral rectus contralateral to the stimulated ear (Kandel & 
Schwartz, 2000).  Circuitry for the vestibulo-collic and vestibulo-spinal reflexes travel along the 
bilaterally projecting medial and unilaterally projecting lateral vestibulospinal pathways.  
Through these extensive connections the vestibular system plays a crucial role in gaze stability, 
orientation of the body and head in space, maintenance of postural control, and maintenance 
of muscle tone.  Because of the complexity of the descending motor pathways from the 
vestibular nuclei and multiple synaptic inputs onto the motor neurons, specific tests of the 
vestibular contribution to muscle reflexes are limited.   
 
Assessment of Vestibular Function 
The five sensory organs of the vestibular system participate in the coordination of eye 
and head movements and maintenance of equilibrium.  The semicircular canals respond to 
angular displacement, while the otoliths (utricle and saccule) are continually stimulated by 
gravity and by linear displacement.  Until recently, vestibular assessment procedures have been 
limited to testing of the superior vestibular nerve that carries vestibular afferents from the 
anterior and horizontal semicircular canals and utricular macula.  Tests for these structures are 
carried out primarily by electronystagmography (ENG) for the horizontal semicircular canal and 
subjective visual vertical (SVV) tests for the utricle.  Vestibular disorders affecting the saccule 
and inferior vestibular nerve may not be identified using these traditional assessment 
procedures.  Recently, the vestibular evoked myogenic potential (VEMP) has been shown to be 
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clinically useful in providing diagnostic information regarding the function of the saccule (one of 
the otolith organs) and inferior vestibular nerve (Colebatch, 2001).  Due to its location just 
beneath the footplate of the stapes, the saccule is ideally situated to be stimulated by sound 
(Bath et al., 1998).  Once stimulated, impulses travel along the inferior vestibular to activate the 
lateral vestibular nucleus, ipsilateral medial or lateral vestibulospinal pathway, and motor 
neurons of antigravity musculature.  With development of the VEMP the inferior portion of the 
vestibular nerve thus became accessible to evaluation through acoustic stimulation of the 
saccule.   
 While there are three important vestibular reflexes, tests of horizontal canal function 
evaluate the integrity of the vestibulo-ocular reflexes only.  Due to the complexity of the 
multiple and converging pathways that subserve postural stability and control, the 
vestibulocollic and vestibulospinal reflexes are difficult to isolate from a functional perspective.  
Thus, of the three vestibular reflexes, the vestibulocollic and vestibulospinal reflexes are least 
understood and most difficult to test.  Ocular counter roll, subjective visual vertical (SVV), and 
recent advances in ocular VEMPs (OVEMPs) can provide insight into utricular function; 
however, with the exception of dynamic SVV (off-axis rotation), testing is not isolated to a 
single utricle.  Vestibular evoked myogenic potentials have shown promise as a specific test of 
saccular function, with capability of evaluating each saccule independently and providing 
insight into vestibulocollic and vestibulospinal reflex integrity.   Although different protocols are 
often used with regard to subject positioning and methods used to maintain tension in the SCM 
muscles, VEMP testing in evaluating otolithic, specifically saccular, function has become a 
valuable addition to the vestibular test battery. 
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Historical Framework of the VEMP 
Evoked potentials (EPs) have been used since the 1930s to determine the integrity of 
the central and peripheral nervous systems by measuring the electrical response of cortical and 
subcortical neurons to sensory stimuli.  Electrodes placed directly on the cortical surface or on 
the skull or scalp are used to record the averaged electrical response of a collection of neurons 
to peripheral stimulation.  Evoked myogenic potentials (EMP) are similar, except that the 
responses are recorded from any muscle.  Because of diffuse, poorly  localized central 
projections of the vestibular system, EPs have not proven to be a useful measure of vestibular 
function.  Prior to the advent of the signal averaging computer, the much smaller brainstem 
evoked potentials escaped detection.  Neurogenic vestibular evoked potential testing also 
requires a high intensity click stimulus which can lead to patient discomfort (Papathanasiou et 
al., 2004).  Further, finding a stimulus that could effectively separate canal from otolithic 
responses is difficult (Loose et al., 2002).  In contrast, due to robust projections from the 
vestibular nuclei to motor neurons in the spinal cord, vestibular evoked myogenic  potentials 
(VEMPs) have shown promise as a useful clinical tool for investigating vestibular function.  The 
VEMP is a short-latency electromyogram recorded from the tonically contracted 
sternocleidomastoid (SCM) muscle in response to high-level acoustic stimulation (Bickford, 
Jacobson, & Cody, 1964; Cody & Bickford, 1969; Colebatch & Halmagyi, 1992; Colebatch et al., 
1994).  VEMPs have gained increasing popularity over the past 10 years and their clinical utility 
for a variety of peripheral and central vestibulopathies has been described.   
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Due to the complexity of vestibular connections at all levels of the central nervous 
system, vestibular evoked potentials have an interesting developmental history.  In the mid 
1930s von Bekesy (1935) demonstrated an acoustic sensitivity of the saccule due to its close 
proximity to the footplate of the stapes.  An evoked vestibular response to auditory stimulation 
was later described by Bickford et al. (1964) while recording over the inion.  The source of the 
recorded potentials was initially considered to be an auditory projection to the cerebellar 
vermis, with a vestibular origin of the response remaining controversial (Ferber-Viart, Dubreuil, 
& Duclaux, 1999).  During his initial studies of four individuals with different auditory and 
vestibular lesions, Bickford et al. (1964) demonstrated that the evoked potential was present in 
individuals with unilateral or bilateral deafness and normal vestibular function.  He further 
demonstrated that the evoked potential was only present on the side with normal auditory and 
vestibular function in an individual with unilateral deafness and vestibular dysfunction on one 
side and normal hearing and vestibular function on the contralateral side (Bickford et al., 1964).  
Still, the inion response did not gain widespread acceptance as a test of vestibular function for a 
number of years.  Following the observation that a relationship existed between neck muscle 
tension and response amplitude, a myogenic origin of the response was eventually accepted 
(Cody & Bickford, 1969; Townsend & Cody, 1971).  Later, this relationship was more precisely 
described by Colebatch and Halmagyi (1992) using the sternocleidomastoid muscle as the 
recording site.  Vestibular evoked myogenic potentials, recorded from the sternocleidomastoid 
muscle, have since become a noninvasive method of evaluating vestibular integrity, specifically 
that of the saccular macula and inferior vestibular nerve.  
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Neurophysiological Bases of VEMP 
Use of the VEMP as a clinical test of vestibular function became widely accepted in the 
1990s when a number of investigators demonstrated more consistent and reproducible 
responses when using surface EMG to record from the neck flexor muscles (Colebatch et al., 
1994).  The evoked responses were similar to those elicited earlier by Bickford et al. (1964) 
from the posterior neck muscles, with an initial biphasic positive negative wave (p13, n23) 
followed by a later biphasic negative positive wave (n34, p 44) (Bickford et al., 1964).  The 
VEMP response was distinguished from the startle reflex by its shorter latency, which is less 
than 20 milliseconds compared to the 50 milliseconds required for the sound-induced startle 
reflex.  Further, the startle reflex undergoes habituation with repeated stimulation, while the 
VEMP occurs despite the high rates of stimulus repetition used during testing (Bickford et al., 
1964).  Thus, based on its short onset latency, the click-induced inhibition of single motor unit 
firings of the SCM muscle in human subjects is believed to be a manifestation of the 
vestibulocollic reflex (Colebatch & Rothwell, 2004).  
The VEMP reflects inhibitory potentials in the SCM muscle produced upon acoustic 
stimulation of the saccule and its connections through the medulla and into the cervical spinal 
cord.  No correlation has been found between VEMPs and auditory function as demonstrated 
using pure-tone threshold and auditory brainstem response (Al-Sebeih & Zeitouni, 2002; 
Bickford et al., 1964; Colebatch & Halmagyi, 1992; Colebatch et al., 1994; Murofushi, Matsuzaki, 
& Mizuno, 1998; Ozeki, Matsuzaki, & Murofushi, 1999) suggesting that the VEMP is produced 
by auditory stimulation of vestibular end organs and not mediated by cochlear afferents.  
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Finally, while unilateral vestibular neurectomy abolishes the response, it is preserved in the 
presence of profound sensorineural hearing loss and normal vestibular function (Colebatch et 
al., 1994; Itoh et al., 2001; Ozeki et al., 1999).  Uchino et al. (1997b) provided additional 
evidence of a vestibular, and specifically saccular, origin of the response by examining the 
sacculocollic reflexes in decerebrate cats.  Using selective saccular nerve intracellular recordings 
the authors identified Inhibitory reflex responses from the bilateral neck flexors, while 
excitatory reflex responses were recorded from bilateral neck extensors.  The evidence 
supporting a vestibular origin of the response, together with the development of more reliable 
recording procedures, led to greater acceptance of the VEMP as a useful, noninvasive test of 
vestibular function.   
While the primary role of the vestibular apparatus is to detect linear and angular 
acceleration of the head, both animal studies and patient data indicate that the saccular macula 
has retained auditory sensitivity throughout vertebrate phylogeny (Colebatch et al., 1994; Fay & 
Edds-Watson, 1997; Popper & Fay, 1973; Wit et al., 1984; Young, Fernandez, & Goldberg, 
1997).  The role of the saccule in audition varies among the different animal classes; differences 
that likely reflect environmental adaptations.  For example, in the absence of a cochlea in fish, 
the saccular macula is the primary organ of hearing (Fay & Edds-Watson, 1997; Popper & Fay, 
1973); in amphibians, the saccule is sensitive to substrate-borne (aquatic or airborne) vibrations 
and head motion (Lewis et al., 1982; Yu et al., 1991); in birds and mammals the saccular macula 
responds primarily to vertical linear accelerations and head tilts (Zakir, Huss, & Dickman, 2003).   
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Although the conventional view is that hearing in mammals is mediated entirely by the 
cochlea, recent studies have demonstrated that afferent receptors of the mammalian vestibular 
system are also responsive to sound (Curthoys, Kim, McPherdran, & Camp, 2006; McCue & 
Guinan, 1994, 1995; Murofushi & Curthoys, 1997; Young et al., 1997).  Curthoys et al. (2006) 
identified irregular otolithic afferent fibers that are responsive to bone-conducted vibration in 
the guinea pig.  While these bone-conducted vibrations appeared to preferentially activate 
irregular fibers of the utricular macula, others have demonstrated a clear response in irregular 
fibers of the saccular macula to air-conducted stimuli (Goldberg, 2000; Halmagyi, 2005).  These 
differences might be related to different threshold requirements and mechanisms for hair cell 
activation between air conducted and bone conducted stimuli.  Among mammals, acoustically 
responsive saccular receptors to air-conducted sound have been demonstrated through direct 
recording of neurogenic responses in guinea pigs (Cazals, Aran, Erre, Guilhaume, & Aurousseau, 
1983; Murofushi & Curthoys, 1997), cats (McCue & Guinan, 1995), and squirrel monkeys (Young 
et al., 1997).  The responses required high intensity sound of  ≥ 90 decibel sound pressure level 
(dB SPL) (McCue & Guinan, 1997), and were noted to occur only in those afferent fibers of the 
inferior vestibular nerve that demonstrated irregular spontaneous activity (McCue & Guinan, 
1995, 1997; Murofushi & Curthoys, 1997; Young et al., 1997).  In addition, labeling experiments 
have demonstrated a saccular projection to the cochlear nuclei in the gerbil (Kevetter & 
Perachio, 1986) and guinea pig (Burian & Gstoettner, 1988).  Saccular projections have also 
been demonstrated to the vestibular nuclei and to the trapezoid body in the cat (McCue & 
Guinan, 1997).  These acoustically responsive afferent fibers with irregular firing rates are likely 
sources for the VEMP.   
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The VEMP is an evoked response that relies on auditory sensitivity of the saccule in 
humans.  Although the saccule functions as an acoustic receptor in lower species lacking a 
cochlea (Fay, 1984), it is unclear whether the saccule has retained auditory sensitivity as a 
vestigial organ of hearing in humans or whether its proximity to the stapes footplate 
mechanically stimulates the saccular hair cells through endolymph compression (Zhou & Cox, 
2004).  Sound-induced eye and head movements were observed by Tullio (1929) following 
surgically made openings in the semicircular canals of pigeons.  Sound-evoked vestibular 
symptoms in humans may include nystagmus, oscillopsia, vertigo and postural imbalance.  This 
increased responsiveness to sound often results from superior canal dehiscence (SCD) or 
subluxed stapedial footplates and is known as the ”Tullio” phenomenon (Brantberg, Bergenius, 
& Tribukait, 1999; Halmagyi, 2005; Minor, Solomon, Zinreich, & Zee, 1998; Tullio, 1929).  It has 
been demonstrated that individuals with clinical evidence of the Tullio phenomenon have 
accompanying pathologically reduced VEMP thresholds to both clicks and tone bursts, 
suggesting a mechanical response from the vestibular hair cells to the loud acoustic stimuli 
(Brantberg et al., 1999, Colebatch et al., 1994; Colebatch et al., 1998; Colebatch, 2001; Watson, 
Halmagyi, & Colebatch, 2000).  In support of this theory, surgical exploration of the middle ear 
in a patient with otolithic Tullio phenomenon with complaints of postural imbalance along with 
vertigo, nystagmus, and oscillopsia revealed a subluxated stapes footplate.  In this case, the 
stapedius muscle was noted to be hypertrophic resulting in pathologically large amplitude 
movements of the stapes footplate elicited by loud sounds (Dieterich, Brandt, & Fries, 1989).  
The anatomical location of the saccule directly beneath the footplate of the stapes makes it 
particularly susceptible to vibrations induced by loud sounds. 
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Early as well as more recent studies in humans further support a saccular origin for the 
click induced myogenic response (Bickford et al., 1964; Colebatch, 2001).  Townsend and Cody 
(1971) observed that streptomycin, which has an affinity for damaging the sensory epithelium 
of the cristae of the semicircular canals, had no effect on the VEMP, supporting the notion that 
the response pathway for the VEMP is different from that of the horizontal semicircular canal.  
Furthermore, a number of studies have provided evidence that VEMPs do not correlate with 
caloric responses and thus may be dependent upon the integrity of the inferior vestibular nerve 
in which the primary saccular afferents are found (Murofushi et al., 1998, Robertson & Ireland, 
1995; Townsend & Cody, 1971).  The first indirect evidence that the saccular macula, and not 
the utricular macula, was the source of the evoked response was provided by Townsend and 
Cody’s observation of an evoked response in patients diagnosed with benign paroxysmal 
positional vertigo (BPPV).  Histopathologic studies of individuals who had been diagnosed with 
BPPV demonstrated significant abnormalities in the utricular macula, while the semicircular 
canals and saccular macula were relatively unaffected (Cawthorne & Hallpike, 1957).  Further, 
patients with vestibular neuritis, which usually only affects the superior vestibular nerve, and 
who developed no subsequent BPPV (suggesting involvement of the inferior vestibular nerve) 
often do not have a VEMP, whereas VEMPs can be recorded in patients with vestibular neuritis 
that is followed by BPPV (suggesting sparing of the inferior vestibular nerve) (Basta et al., 2005; 
Murofushi, Halmagyi, Yavor, & Colebatch, 1996b; Sheykholeslami & Kaga, 2002; Yang, Kim, J. 
Lee, & W. Lee, 2008).  When compared to controls, the evoked response is much less consistent 
in patients with endoymphatic hydrops, a condition that histological studies have shown to 
primarily affect the cochlear duct and the saccular macula (Townsend & Cody, 1971).  
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Furthermore, Townsend and Cody noted an inverse relationship between the severity of 
saccular damage and the frequency of a myogenic response in patients with endolymphatic 
hydrops.  Finally, individuals with vestibular Schwannomas, which primarily affect the inferior 
vestibular nerve, have demonstrated absent or significantly decreased VEMP amplitudes on the 
affected side.  Normal VEMP responses are observed on the unaffected side in these patients 
(Murofushi et al., 1998).  In light of the above clinical findings, the saccule seems to be the most 
likely site of origin of the VEMP. 
 
Anatomical Pathway 
The vestibular end organs provide important input to reflexes that control eye 
(vestibuloocular), head (vestibulocollic), and body position (vestibulospinal).   Vestibular 
neurons that project onto the motor neurons of the upper cervical spinal cord act to oppose 
perturbing head movement and thereby stabilize the head relative to space (Suzuki & Cohen, 
1964; Wilson, Wylic, & Marco, 1967).  Thus, the vestibulo-collic reflex (VCR) is believed to play a 
role in modifying cortically directed input to neck muscles (Colebatch & Rothwell, 1993).  
Vestibular evoked myogenic potentials occur in response to loud clicks or tone bursts and are 
proportional in amplitude to the level of tonic EMG activity in the sternocleidomastoid (SCM) 
muscle (Akin et al., 2004; Colebatch et al., 1994).   
Although several vestibular end organs contribute to VCRs, the saccular macula is 
believed to be most responsive to sound.  Recording from peripheral vestibular neurons, a 
number of researchers have provided evidence for the acoustic sensitivity of the saccule (Didier 
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& Cazals, 1989; McCue & Guinan, 1994; McCue & Guinan, 1995; Sheylkholeslami & Kaga, 2002;  
Young et al., 1997).  Saccular afferents have demonstrated greater electrophysiological 
responsiveness to acoustic stimuli than other vestibular fibers in the squirrel monkey (Young et 
al., 1997).  Following destruction of the cochlea, ampulla, and utricle with preservation of the 
saccular sensory epithelium, Cazals et al. (1983) recorded acoustically evoked responses in 
guinea pigs.  Further, McCue and Guinan (1995) recorded acoustically responsive saccular fibers 
that demonstrated an increase in firing rate with increasing stimulus intensity in the cat.  
Finally, electrophysiological responses in the form of monosynaptic excitatory postsynaptic 
potentials and disynaptic inhibitory postsynaptic potentials have been recorded in the 
vestibular nuclei of the guinea pig following focal sound stimulation of the saccular macula 
(Murofushi, Curthoys, & Gilchrist, 1996a) and in the vestibular nuclei and neck motor-neurons 
of the cat following electrical stimulation of the inferior vestibular nerve (Kushiro, Zakir, Ogawa, 
Sato, & Uchino, 1999; Uchino et al., 1997b; Wilson, Wylic, & Marco, 1977).  Following electrical 
stimulation of the inferior vestibular nerve in cats, Uchino recorded evoked responses that 
exhibited a bisynaptic linkage in ipsilateral and a trisynaptic linkage in contralateral neck motor-
neurons.  These afferent neurons from the saccular macula are believed to reflexively activate 
appropriate neck muscles through VCRs to maintain stability of the head and neck.  In light of 
its retention of acoustic sensitivity and demonstrated projections to cervical spinal cord 
neurons, the saccular macula is purported to be the sensory receptor of VEMPs in mammals.   
 The central distribution of saccular afferents can provide important information to 
researchers seeking to understand its role in sound sensitivity, as well as the characteristics and 
laterality of the evoked response.  Unfortunately, however, the central projections of the click 
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sensitive afferent neurons of the saccular macula, and thus the precise neural pathways 
involved in the VEMP have not been clearly established.  There are a number of possible routes 
by which impulses originating in the saccular macula can reach the motor neuron pool of the 
spinal cord.  Based on latencies, Colebatch et al. (1994) propose a pathway involving a 
maximum of two synaptic delays, one in the vestibular nuclei and the other at the level of the 
SCM motor nucleus.   Neurons of the lateral vestibular nucleus receive input from and project 
to the ipsilateral cervical and lumbar spinal cord; thus this nucleus plays a primary role in 
vestibulospinal mechanisms and could theoretically give rise to second order projections of the 
VEMP.  Early neuroanatomical studies have suggested, however, that neither ampullary nor 
saccular afferents project directly to the lateral vestibular nucleus (Carpenter, 1960; Stein & 
Carpenter, 1967).  In contrast, more recent studies in the macaque (Newlands et al., 2003), 
squirrel monkey (Naito, Newman, Lee, Beykirch, & Honrubia, 1995; Young et al., 1997), cat 
(Imagawa et al., 1998), guinea pig (Didier, & Cazals, 1987; Gstoettner, Burian, & Cartellieri, 
1992), gerbil (Kevetter & Perachio, 1986), and pigeon (Dickman & Fang, 1996) have 
demonstrated click sensitive neurons in the ipsilateral and contralateral pars magnocellularis of 
the medial vestibular nuclei.  The saccular projection to the superior vestibular nucleus is 
unlikely to contribute to the VEMP because this nucleus projects to the cerebellum and 
contributes to the vestibuloocular reflex pathways.  Neurons of the medial vestibular nucleus 
(pars magnocellularis) and the inferior vestibular nucleus (the most heavily horseradish 
peroxidase labeled of the vestibular nuclei in the above experiments) contribute to both the 
bilaterally projecting medial vestibulospinal tract (MVST) as well as the unilaterally projecting 
lateral vestibulospinal tract (LVST).  Fibers of the MVST project only to cervical levels of the 
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spinal cord, whereas those of the LVST project to all levels of the spinal cord; the SCM thus 
receives descending input from both pathways, while the lower extremity muscles receive 
descending input only from the LVST.   In response to monaural click stimulation and bilateral 
SCM muscle activation, Robertson and Ireland (1995) reported bilaterally symmetrical 
responses while Ferber-Viart et al. (1997) reported a contralateral dominant response.  Most 
authors, however, report an ipsilateral-dominant response to both monaural clicks and tone-
burst stimuli when recorded from unilaterally or bilaterally activated SCM muscles (Akin & 
Murnane, 2001; Colebatch et al., 1994; Halmagyi, Yavor, & Colebatch, 1995; Murofushi, Ochiai 
A, & Ozeki H, 2004).  An ipsilateral-dominant response supports a saccular origin of the 
response and involvement of the medial or lateral vestibulospinal pathway.     
 Control of posture and balance depends upon a complex interplay between 
somatosensory input and vestibulospinal reflexes (VSRs).  Computerized dynamic 
posturography measures a subject’s ability to maintain balance in the presence of altered or 
diminished somatosensory and visual inputs.  The patient’s responses to systematic alteration 
of visual and somatosensory input are measured under six different sensory conditions during 
quiet standing.  Conditions 1 through 6 use a fixed platform.  In conditions 4 through 6, the 
platform is sway-referenced such that the support surface follows the patient’s sway, thus 
eliminating any change in proprioceptive feedback.  In conditions 2 and 5, the patient stands 
with eyes closed, and in conditions 3 and 6, the visual surround is sway-referenced, eliminating 
any change in visual feedback.  While posturography correlates poorly with measures of 
dynamic stability during gait (Evans & Krebs, 1999), it has been shown to be useful in identifying 
disorders of the vestibulospinal system (DiFabio,1995; Furman, 1994; Furman, 1995).  When 
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proprioceptive signals from the trunk and leg are absent or unreliable, the vestibular system is 
believed to play a role in modulating the postural responses necessary to maintain balance 
(Allum, 1998).  Robertson and Ireland (1995) found a 60%-70% correlation of the p13-n21 
potential with abnormal findings on conditions 5 and 6 of computerized dynamic 
posturography, in which vestibular control of balance is isolated through imposition of absent 
or conflicting visual and somatosensory input.  These findings, along with vestibular evoked 
recordings obtained from muscles of the trunk and lower limbs (Bickford et al., 1964; Dieterich 
et al., 1989; Li, Houlden, & Tomlinson, 1999) following acoustic stimuli, provide support for a 
role of the LVST in the VEMP. 
Following saccular stimulation, afferent information is thought to traverse the inferior 
vestibular nerve, lateral vestibular nucleus, and lateral vestibulospinal tract to terminate on 
motor neurons in the cervical spinal cord.  While there are reports of a contralateral response 
to monaural stimulation (Ferber-Viart, Duclaux, Colleaux, & Dubreuil, 1997; Robertson & 
Ireland, 1995), the VEMP pathway is believed to be predominantly unilateral (Colebatch et al., 
1994; Kushiro et al., 2000; Murofushi et al, 1996b; Uchino et al., 1997a), and the net effect of 
saccular stimulation on motor neurons of the SCM is inhibition.   The predominately ipsilateral 
nature of the pathway is consistent with a saccular origin of the response.  The proposed neural 
pathway that gives rise to the vestibular myogenic evoked response is shown in figure 2.                                                                 
 
34 
 
 
Figure 2.  The proposed neural pathway for the VEMP.  The response begins with sound 
stimulation of the saccule.  Signals are carried from the saccule through the inferior vestibular 
nerve to the vestibular nuclei in the pons.  Second order neurons traverse the medial or lateral  
vestibulospinal tract to terminate on ipsilateral motor neurons of the spinal accessory nerve 
serving the SCM muscle.   
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Measurement Techniques 
The VEMP is a short-latency electromyogram elicited by high-intensity acoustic stimuli 
and recorded from the tonically contracted sternocleidomastoid (SCM) (Colebatch et al., 1994).  
Both click stimuli and tone bursts, delivered either monaurally or binaurally via headphones or 
insert earphones, result in inhibitory myogenic potentials that are recorded using surface 
electrodes over the ipsilateral SCM. These brief (0.1 ms and 6-7 ms for clicks and tone bursts, 
respectively) acoustic signals must be loud enough (>95 db above normal hearing level) to 
disturb the otolithic membrane of the saccule (Colebatch et al., 1994).  A two-channel system is 
used to record the evoked response from the right and left SCM muscles simultaneously.  
Although VEMPs have been obtained from the SCM, trapezius, and quadriceps muscles, most 
clinicians currently record VEMP responses from the sternocleidomastoid muscle.  The VEMP is 
routinely recorded using surface electrodes that are placed over symmetrical sites on each 
SCM.  An electrode configuration whereby an active recording (noninverting) electrode is 
placed on the upper third or at the midpoint of each muscle belly is most frequently used (Akin 
et al., 2003; Cheng & Murofushi, 2001; Welgampola & Colebatch, 2001b) (Figure 3).   Reference 
(inverting) electrodes are placed just proximal to the sternal attachment of the SCM tendon and 
the ground electrode on the forehead. 
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Figure 3.  Electrode sites for recording vestibular evoked myogenic potentials (VEMP): (A) 
noninverting electrode on the sternocleidomastoid (SCM) muscle, (B) inverting electrode on the 
upper sternum, and (C) the EMG differential surface electrode.  The ground electrode is located 
on the forehead.   
 
While response amplitude increases linearly with stimulus level, click stimuli presented 
at a rate of 5-7 per second (200 ms intervals), at 95-100 dB nHL, and 0.1 ms duration are 
generally sufficient to evoke a response. The optimum stimulus frequency lies between 500 and 
1000 Hz, with largest amplitudes obtained at 500 (Rosengren, Govender, & Colebatch, 2009) 
and 750 Hz.  Runs of 128 averages are generally sufficient to evoke a response.  Myogenic 
potentials evoked in the tonically contracted SCM are amplified, bandpass filtered, and 
averaged.  There is a large inter-individual variability among researchers in amplification (gain 
of 5,000 to 10,000) and number of repetitions averaged (100-256).  Due to the low frequency 
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response of myogenic activity, a high pass filter of 10 Hz and low pass filter of 2 kHz and a 
recording epoch of 30-50 ms poststimulus is used to record the VEMP.  While there are 
significant differences among subjects in amplitude measures, response latency is quite 
consistent.          
Activation of the SCM Muscle 
  The VEMP is an inhibitory response and therefore it is important that the patient 
maintain a constant state of SCM isometric contraction throughout VEMP recording.  A linear 
relationship has been noted between the amplitude of the response and the degree of 
sustained muscle tension in the neck muscles (Akin & Murnane, 2001; Colebatch et al., 1994; 
Ferber-Viart et al., 1997; 1998; Lim, Clouston, Sheean, & Yiannikas, 1995).  There are few 
published studies that systematically evaluate the effects of different positions and methods of 
SCM muscle activation on the ability to maintain tonic EMG levels.  Most studies have 
evaluated the influence of position on SCM muscle fatigue in patients with chronic neck pain 
(Ang, Linder, & Harms-Ringdahl, 2005; Falla, Rainoldi, Merletti, & Jull, 2003).  The only study to 
date on the influence of test position on muscle fatigue in healthy adults suggests that fatigue 
of the SCM muscle is not affected by test position (Larochelle, Laliberte, Bilodeau, Dumas, & 
Arsenault, 2009).  However, in Larochelle et al.’s study, the duration of isometric contraction in 
each position was only 20 s, much less than the duration required during VEMP testing.  Thus, 
application of these results to VEMP testing should be viewed with caution.  Further research is 
needed to determine the ability of the SCM muscle to achieve and maintain target EMG levels 
throughout recording of the VEMP. 
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During unilateral SCM activation stimuli are presented monaurally and recording is 
obtained from the SCM ipsilateral to the stimulated ear.  During bilateral SCM activation stimuli 
can be presented binaurally with simultaneous recording from both SCM.  While test duration 
can be shortened by bilateral stimulation and recording, when applied from the supine position 
this method is poorly tolerated by older or weaker individuals who tend to experience fatigue 
when holding the head against gravity during recording (Akin & Barker, 2009).  In spite of 
conflicting data regarding the characteristics of responses in normal individuals, consistent 
characteristic changes in various peripheral and central vestibulopathies have been reported 
regardless of positioning method used (Basta et al., 2005; Welgampola & Colebatch, 2005).  
Thus, it is currently unknown whether one method is superior over the others in terms of 
diminishing response variability. 
Inter-subject and test-retest variability is dependent upon both intrinsic as well as 
extrinsic factors.  While the amplitude of the VEMP response increases with increasing stimulus 
intensity, there is a wide variability among subjects (Akin et al., 2001; 2003).  Intrinsic factors 
that may contribute to differences among subjects include differences in the responsiveness of 
the vestibular system to the acoustic stimulus as well as anatomical differences in the SCM 
muscle.  Because the response is dependent upon the level of SCM activation, variations in the 
amount of effort exerted by the subject can be expected to affect response consistency.  
Between session variability can be affected by differences in electrode placement as well as 
differences in the specific combination of movements used to accomplish each method of 
activation.   Thus, the relationship between factors that affect response characteristics are not 
uniform.  While the possibility exists that patient position and mode of SCM muscle activation 
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can each affect the contractile state of the muscle, few studies have systematically evaluated 
the effect of various positions and methods of SCM activation on VEMP response 
characteristics, and studies to date have resulted in conflicting findings.   
In a comparison of the supine head elevation (monaural stimulation, bilateral muscle 
activation) vs. the supine rotation method (monaural stimulation, unilateral muscle activation) 
Wang and Young (2006) found greater response rates with the supine elevation (100%) when 
compared to the supine rotation (70%) method.  The amplitude of the response was also 
significantly greater in the supine elevation method.  Using monaural stimulation and unilateral 
SCM muscle activation Isaacson et al. (2006) compared three positions and modes of SCM 
activation: 1) sitting with head rotation, 2) supine with head elevation, and 3) supine with head 
elevation and rotation.  While the supine with elevation and rotation method demonstrated 
significantly increased amplitude compared to the other two methods, no significant 
differences in latency measures were observed.  In contrast, using monaural tone-burst stimuli 
and unilateral SCM muscle activation Ito et al. (2007) found that VEMP amplitude was 
unaffected by changes in head position relative to gravity (upright, nose up, ear up, nose down, 
and ear down), while a small but significant difference was observed in the n23 latency with the 
subject in the upright position.   
The clinical interpretation of the VEMP is frequently based upon the inter-aural 
differences in response amplitude. The VEMP amplitude has been shown to increase for both 
click and tone burst stimuli as a function of the tonic level of SCM activation (Akin et al., 2004).  
While others have demonstrated a positive correlation between VEMP amplitude and tonic 
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EMG level using click stimuli, Akin et al. (2004) were the first to demonstrate a similar 
relationship for tone burst-evoked VEMP amplitudes.  Thus, for accurate and reliable recording 
of the VEMP, subjects must be able to maintain mean rectified EMG levels between 30µV and 
50 µV.  To date, no studies have compared the different methods of SCM activation to 
determine the relationship between each position and the subject’s ability to maintain target 
EMG levels throughout recording.  Maintaining tension in the SCM for the duration of the 
testing can be challenging for some individuals, especially the very young and elderly.    
Consequently, there is a need to systematically evaluate the different positions and modes of 
muscle activation to determine which ones are optimal for maintaining steady contraction of 
the SCM throughout testing.  In addition to evaluating the effect of various positions on VEMP 
characteristics, it is important to determine patient comfort in each position as well as 
perceived level of difficulty in maintaining the test position throughout recording. 
Response Laterality 
In spite of existing evidence in favor of a saccular origin of the VEMP, the complexity of 
the central nervous system pathways involved has contributed to continued discussion 
regarding the laterality of the response (Kushiro et al., 1999).  Recording from the inion, 
bilateral, and symmetrical responses have been reported to monaural clicks (Bickford et al., 
1964; Townsend & Cody 1971).  More recent studies while recording from bilaterally activated 
SCM have similarly reported bilateral responses to monaural clicks (Bath et al., 1998; Colebatch 
et al., 1994; Ferber-Viart et al., 1997; Robertson & Ireland, 1995); however, the responses were 
not always symmetrical; some reported a consistently larger potential on the ipsilateral side 
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(Bath et al., 1998; Colebatch et al., 1994), while others reported the larger potential on the 
contralateral side (Ferber-Viart et al., 1997).  The majority of studies to date report strictly 
ipsilateral dominant responses in unilaterally activated SCM (Akin & Murnane, 2001; Colebatch 
& Rothwell, 2004; Murofushi et al., 1998, 2004; Todd, Cody, & Banks, 2000) as well as in 
bilaterally activated SCM (Li et al., 1999) following monaural click stimulation.  Murofushi et al. 
(2004) demonstrated that the ipsilateral dominant pattern was observed following unilateral 
acoustic stimulation using both click and 500-Hz tone-bursts.  Basta et al. (2005) further 
demonstrated a similar unilateral projection pattern induced by direct intraoperative electrical 
stimulation of the inferior vestibular nerve.  It is possible that contralateral waveforms 
represent in-phase/out-of-phase responses resulting from volume conduction effects (Li et al., 
1999).  Additional possibilities include a contralateral inhibitory projection via vestibulospinal 
neurons of saccular origin or a facilitatory projection from vestibulospinal neurons of utricular 
origin (Murofushi et al., 2004).  Thus, while there remains some controversy regarding the 
laterality of the VEMP, a unilateral dominant projection is in accordance with  previously 
recorded ipsilateral vestibulospinal projections from the saccular macula to motoneurons of the 
SCM in the cat (Kushiro et al., 1999). 
 A number of additional factors may contribute to the conflicting data regarding 
response laterality.  Because there is a linear relationship between the response amplitude and 
level of tonic muscle contraction, the mode of muscle activation (unilateral vs. bilateral) may 
affect the laterality of the response (Zhou & Cox, 2004).  Further, strength differences may exist 
in some individuals between the SCM on each side.  Varying locations of the reference 
electrode may also play a role in variability of response laterality.  Recording from bilaterally 
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activated SCM, Brantberg and Fransson (2001) observed a small, delayed, and inverted 
contralateral response following monaural click stimulation.  While Brantberg and Fransson 
maintain that the contralateral response was unrelated to volume conduction of SCM activity 
or to the postauricular muscle reflex, others (Li et al., 1999) have attributed the contralateral 
response to either volume conduction and subsequent electrical activity at the reference sites 
or sound-evoked reflex responses in cranial muscles.  Li et al. observed inverted contralateral 
responses when using the sternum or ipsilateral mastoid process as reference sites; however, 
responses were purely ipsilateral when a more remote reference site such as the wrist was 
used.  Response latencies are similar for binaural and monaural stimulation; however, greater 
variation is observed in amplitude following binaural stimulation.  While some have observed 
greater response amplitudes (Brantberg et al., 1999; Ferber-Viart et al., 1997), others have 
found smaller responses to binaural stimulation (Bhagat, 2006).  That responses from one side 
may affect the response on the opposite side was further supported by four of Brantberg and 
Franson’s normal subjects who demonstrated a VEMP in response to binaural but not unilateral 
click stimulation.  Because there would be attenuation of the stimulus during bone 
transmission, these differences are probably not due to simultaneous contralateral ear 
stimulation (Ferber-Viart et al., 1997).  In order to enhance the precise role of the VEMP in 
identifying the affected side in cases of unilateral involvement, optimal stimuli, test positions, 
and EMG monitoring methods need to be elucidated. 
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EMG Monitoring Techniques 
Because VEMP amplitude scales in proportion to the level of tonic muscle contraction of 
the SCM, most VEMP recording procedures use one of two methods to account for the level of 
SCM EMG.  In the first method visual feedback is provided to the subject to assist in maintaining 
a constant rectified EMG target level.  In the second method the EMG levels are not monitored 
during recording and a corrected VEMP amplitude is calculated after recording by dividing the 
mean rectified EMG level of a 20 ms prestimulus baseline (Colebatch et al., 1994).  Novel 
approaches with the subject in the seated position have been used to ensure contraction of the 
SCM.  These include squeezing a rubber ball connected to a recording device between the chin 
and chest (Ferber-Viart et al., 1997), pressing the forehead against a padded bar (Colebatch et 
al., 1994), or pushing against the subject’s own hand resistance (Isaacson et al., 2006).  Akin and 
Murnane (2001) developed a system whereby subjects are provided visual feedback via an 
oscilloscope to assist them in maintaining a constant level of muscular contraction in the SCM.  
While many investigators use a similar system to provide visual biofeedback to their subjects 
when testing is done in the sitting position (Colebatch et al., 1994; Ferber-Viart et al., 1998; 
Ochi, Ohashi, & Nishino, 2001; Todd et al., 2000), only a few have used such a feedback system 
to ensure maintenance of a tightly controlled level of tonic muscular contraction when using 
the supine elevation method (Brantberg, Lofquist, & Fransson, 2004; Tribukait et al., 2004).  It 
may be important to determine if differences in response consistency and amplitude persist 
when the level of tonic muscular contraction in each position is more tightly controlled to a 
level between 30 and 50 µV.   
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Because of the linear relationship between tonic muscle activation and amplitude of 
response, it is important to ensure optimal activation of the SCM throughout testing (Akin et 
al., 2004; Colebatch et al., 1994; Ferber-Viart et al., 1997; Li et al., 1999; Ochi et al., 2001).  
Monitoring EMG levels throughout recording can rule out inadequate SCM activation as a 
reason for an absent response, and thus reduce the potential for false positive findings.  
Further, because amplitude increases in proportion to the muscle EMG level, it is important to 
account for the level of SCM contraction throughout recording.  This can be done by providing 
the patient visual feedback during the evoked potential recording or by calculating a corrected 
VEMP amplitude as described above.  
 
Normal Response Characteristics 
The evoked response consists of an early positive negative wave with the positive peak 
occurring approximately 13 ms (P1) and the negative peak approximately 23 ms (N1) after 
stimulus onset.  Later VEMP components occur with a negative peak at approximately 34 ms 
(n34) and a positive peak at approximately 44 ms (p44).  The early waveform, characterized by 
a positive peak between 11 and 13 ms and a negative peak between 18 and 23 ms, is believed 
to be of vestibular origin because it is abolished by vestibular nerve section but not by profound 
sensorineural hearing loss (Colebatch & Halmagyi, 1992, Colebatch et al., 1994; Ferber-Viart et 
al., 1997; 1998; Halmagyi et al., 1995).  It has been suggested that the N34 P44 wave is 
generated by cochlear afferents because it has been found to be absent in patients with severe 
unilateral sensorineural deafness while the early waveform remains present (Bickford & Cody, 
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1964; Colebatch & Halmagyi, 1992).  Further, following unilateral ear stimulation the second 
component wave, when present, is frequently bilateral, whereas the first component waveform 
is predominantly ipsilateral (Clarke, Schonfeld, & Helling, 2003; Colebatch et al., 1994).  Thus, 
generation of the P1-N1 waveform is dependent upon vestibular integrity, while the n34p44 
waveform, frequently present in patients with vestibular loss, is believed to be dependent upon 
cochlear integrity (Colebatch et al., 1994; de Waele, 2001; Ferber-Viart et al., 1997).  Because 
the P1-N1 waveform is generated by activation of the ipsilateral saccular afferents, it is of 
primary interest in vestibular function studies using the VEMP (Colebatch et al., 1994; 
Robertson & Ireland, 1995).  An example of a two-channel VEMP recording is shown in figure 4. 
 
Figure 4.  An example of two-channel VEMP recordings obtained with 100 dB nHL click stimuli 
delivered to either the left ear during left SCM activation (upper two waveforms) or the right 
ear during right SCM muscle activation (lower two waveforms).   
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 The electromyographic waves are recorded on the basis of the mean latency in ms from 
stimulus onset to the peak or trough of each wave.  The characteristics of the evoked myogenic 
wave of greatest interest to the clinician are the latency, amplitude, interaural amplitude 
differences (asymmetry ratio), and threshold.  While considerable variation has been reported 
in the amplitude of the response, the latency is fairly consistent across trials and between right 
and left sides.  Unlike the VEMP amplitude, latency is unaffected by either intensity of the 
stimulus or level of tonic EMG (Ferber-Viart et al., 1997; Lim et al., 1995).        
As described earlier, response thresholds have been reported to vary according to 
stimulus type and frequency, with optimal responses correlating with specific frequencies.  
Threshold and amplitude asymmetries between the right and left ears can provide useful 
information in diagnosing various audiovestibular and neurological disorders as well as in 
determining the likely side of pathology (Robertson & Ireland, 1995).  When obtaining separate 
response recordings from each side, a determination of side differences is made by calculating 
amplitude or threshold asymmetries between the right and left sides.  A side difference in 
P1/N1 amplitude is expressed as an asymmetry ratio.  The asymmetry ratio is determined using 
the following formula:  Asymmetry Ratio = 100 │(AL – AR)/AL + AR)│ where AL equals the peak-to-
peak amplitude (P1/N1) on the left side and AR equals the peak-to-peak amplitude on the right 
side.  Thus, it is important to maintain consistency in stimulus parameters and in SCM muscle 
EMG levels when testing each ear.    
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Nonpathogical Factors 
 Stimulus 
VEMP responses can be elicited by both clicks and tone bursts, delivered via air 
conduction, monaurally or binaurally.  Responses to tone bursts have been shown to be more 
robust than to clicks, with optimal stimulus frequencies between 500 Hz and 1000 Hz 
(Welgampola & Colebatch, 2001a).  Click stimuli of 95 to 100 dB nHL delivered at a slow 
repetition rate of 5-7/sec with averaging fewer than 500 sweeps have been shown to 
effectively elicit the VEMP (Colebatch et al., 1994).  Glavanic stimulation and skull tapping can 
also be used to elicit a VEMP.  While the VEMP is unaffected by sensorineural hearing loss, 
bone conduction or skull taps are often used to elicit the VEMP in patients with conductive 
hearing loss in whom attenuation of the air-conducted stimuli occurs (Sheykholeslami, 
Murofushi, Kermany, & Kaga, 2000; Welgampola, Rosengrem, Halmagyi, & Colebatch, 2003).  
Responses to bone tapping occur about 7 ms after tapping, with a latency of approximately 10 
ms for the positive peak and a latency of approximately 17 ms for the negative peak (Halmagyi 
& Colebatch, 1995).  
The type of stimulus (click vs. tone) as well as stimulation mode (air conduction vs. bone 
conduction, monaural vs. binaural) can affect the nature of the evoked response.  For example, 
the response threshold for tone burst VEMPs is lower than for clicks.  In response to click 
stimuli, Welgampola and Colebatch (2001a) reported VEMP thresholds of from 120 to 135 dB 
SPL, while Ochi and Ohashi (2003) reported thresholds of 75-105 dBnHL.  VEMP thresholds have 
been reported between 105-120 dB SPL in response to 1000 Hz toneburst stimuli (Welgampola 
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& Colebatch, 2001a) and between 60-75 dB nHL in response to 250 Hz toneburst stimuli (Zapala 
& Brey, 2004).  The efficacy of recording the VEMP using simultaneous binaural acoustic 
stimulation and recording techniques remains controversial.  While some studies report that 
VEMPs recorded from unilaterally or bilaterally activated SCM muscles in response to binaural 
or monaural stimulation produce equivalent information in terms of response rate, latencies, 
and interaural differences in healthy adults (Wang & Young, 2003), others suggest that more 
accurate results are obtained by measuring VEMPS separately from each ear (Akin & Murnane, 
2001).  Although Huang et al. (2006) demonstrated shorter response latencies using a binaural 
stimulation and bilateral recording technique, others have found no differences in latencies 
(Bhagat, 2006; Wang & Young, 2003).  Conflicting results have similarly been observed with 
regard to amplitude, with some authors demonstrating a decrease in amplitude with binaural 
stimulation and bilateral recording (Bhagat, 2006), while others found no differences in P1/N1 
amplitude between the stimulation modes (Huang, Chen, & Su, 2006; Murofushi, Takai, Iwaskai, 
& Mizuno, 2005).  Advantages of binaural stimuli and bilateral recording include greater 
stimulus consistency and reduction in number of trials necessary to evaluate both sides (Young, 
2006).  However, during binaural stimulation and bilateral recording techniques volume 
conduction poses a risk that can contaminate the VEMP response as well as lead to an 
overestimation of EMG activity in the SCM (Li et al., 1999). 
The literature suggests that in addition to stimulus type and intensity (clicks, tone 
bursts, galvanic, skull tap) as well as the condition of the middle ear cavity (for air conduction 
stimuli), a number of other factors can affect the VEMP response.  These include SCM EMG 
level, patient position and mode of SCM activation, gender, and age.   
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EMG Level 
The nature of the evoked potential is dependent upon both the intensity of the acoustic 
stimulus and the level of tonic activation of the SCM.  One of the unique features of the VEMP 
is that response amplitude correlates positively with stimulus intensity and level of SCM 
activation, while latency has been shown to be independent of both factors (Akin et al., 2004; 
Colebatch et al., 1994). 
Gender Effects 
While Lee et al. (2008) reported significantly increased amplitudes and prolonged p13 
and n 23 latencies in females, most studies report no effects of gender on the VEMP response 
(Akin et al., 2004; Basta et al., 2005; Brantberg & Fransson, 2001; Ochi & Ohashi, 2003; 
Welgampola & Colebatch, 2001b).   
Aging Effects 
VEMP responses are dependent upon the integrity of the peripheral vestibular 
apparatus, central nervous system, vision, and musculoskeletal system.  A number of age-
related changes in each of these structures and systems have been documented.  Logistics-
based regression analyses have pointed to a linear pattern of vestibular hair cell number 
decline in humans from birth to age 100 (Rauch, Velazquez-Villasenor, Dimitri, & Merchant, 
2006).  While the loss of type I hair cells occurs at a faster rate in the cristae than in the 
maculae, decreased type I and II hair cell densities have been demonstrated for all five 
peripheral vestibular organs (Merchant et al., 2000).  Studies of the vestibular system indicate a 
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hair cell reduction of approximately 24% on the saccular macula, 21% on the utricular macula, 
and 40% within the cristae ampullaris in individuals over 70 years of age (Rosenhall, 1973).  
Further, an age associated decline in the number of bipolar neurons in the human vestibular 
ganglion has been observed between the ages of 30 and 60 (Park, Tang, Lopez, & Ishiyama, 
2001), with neuronal counts decreasing steeply after age 60 (Richter, 1980).  It is not known 
whether these two events occur independently of one another or whether the loss of neurons 
in the vestibular ganglion is secondary to suppression of afferent nerve impulses following the 
loss of hair cells in the vestibular end organs.   
A 3% per decade loss of neurons in the vestibular nuclear complex has also been 
reported in persons aged 40 to 93.  Although the loss is greatest in the superior vestibular 
nucleus and least in the medial vestibular nucleus, all four nuclei appear to be affected (Lopez, 
Honrubia, & Baloh, 1997).  While these morphological changes in the vestibular system 
correspond to age related differences in the frequency and amplitude of vestibulo-ocular 
responses to caloric testing (Kennedy & Clemis, 1990), the aging process has little effect on VOR 
responses to conventional rotation stimuli, possibly due to central adaptation or redundancy 
(Enrietto, Jacobson, & Baloh, 1999; Peterka, Black, & Schoenhoff, 1990).  Age-associated 
changes in gain of the VOR are observed only when the rotational stimuli are characterized by a 
large amplitude or high acceleration force (Baloh, Jacobson, & Socotch, 1993; Tian, Shubayev, 
Baloh, & Demer, 2001).  Documented changes in the cranial nerves affecting the thick fibers 
more than the thin fibers may also contribute to the altered VOR responses (Takeda & 
Takahashi, 1996).  In experimental animals, these fibers discharge irregularly and innervate type 
I hair cells (Baloh & Honrubia, 1990; Goldberg, Smith, & Fernandez, 1984).  Such age-related 
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decreases in the number of myelinated nerve fibers in the vestibular nerve have been reported 
to be as high as 37% between the ages of 35 and 75 (Bergstrom, 1973). 
An increase in body sway has been noted with increased age on computerized 
posturography (Fujita et al., 2005).  Because of the prominent overlap of the vestibulospinal 
pathways with other ascending and descending pathways, the effect of age on the 
vestibulospinal system is difficult to determine.  Changes in vestibular evoked myogenic 
responses following click, tap, and galvanic stimulation, however, appear to more closely reflect 
the morphological status of the peripheral vestibular system with aging (Welgampola & 
Colebatch, 2001b).  Thus, VEMP testing may hold promise as a means of evaluating age-related 
changes in the vestibulospinal system.     
Because the VEMP response is dependent upon adequate muscular tension, declining 
muscular strength could contribute to age-related alterations in the VEMP response.  
Neurophysiological studies have demonstrated that older individuals produce more variable 
force contractions, which is especially notable during isometric force production.  While the 
level and consistency of EMG activity for a given isometric contraction are related to neural 
output from numerous other CNS structures, single motor unit discharge variability has been 
observed in older adults compared with younger adults (Kamen & Roy, 2000; Laidlaw, Bilodeau, 
& Enoka, 2000).  In addition to morphological and functional changes of the SCM muscle, it is 
possible that the physiology of the reflex itself may be altered in the elderly.   Successive signals 
that are presented at a rate that exceeds the ability of the aging system to recover and respond 
are likely to result in fatigue effects (Jerger & Oliver, 1987).  Aging is also associated with a 
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gradual shortening of the distance between nodes of Ranvier (Lascelles & Thomas, 1966), which 
in may turn contribute to increased impulse conduction velocities and earlier fatigue.  
The influence of aging on VEMP responses can be attributed to changes in peripheral 
and central vestibular system structures, changes in other sensory systems, and changes in the 
motor system.   Thus, it is unclear whether age-related changes in VEMP threshold and 
amplitude reflect a change in the integrity of the saccule, diminished CNS modulation, motor 
unit changes in the ventral horn of the spinal cord or at the neuromuscular endplate, or a 
decreased ability to maintain adequate levels of muscle tension in the SCM.   
A number of researchers have demonstrated changes in vestibular function with 
increasing age (Cohen, Heaton, Congdon, & Jenkins, 1996; Enrietto et al., 1999; Welgampola & 
Colebatch, 2001b).  An aging effect has been observed in clinical vestibular tests involving eye 
tracking, optokinetic measurements, and postural stability (Fujita et al., 2005; Matheson, 
Carlington, & Smith, 1999; Ura, Pfaltz, & Allum, 1991).   More recently, a number of 
investigators have examined the effect of age on VEMP threshold, latency, and amplitude.   
Decreased VEMP response rates have been reported in individuals over 60 (Su, Huang, 
Young, & Cheng, 2004; Welgampola & Colebatch, 2001b).  Age related increases in VEMP 
thresholds for click stimuli (Ochi & Ohashi, 2003; Welgampola & Colebatch, 2001b) as well as 
500 and 750 Hz tone burst stimuli (Janky & Shepard, 2009) have also been reported.  VEMP 
response amplitudes following click stimuli (Lee, Cha, Jung, Park, & Yeo, 2008; Ochi & Ohashi, 
2003; Su et al., 2004; Welgampola & Colebatch, 2001b), 250 Hz tone burst stimuli (Zapala & 
Brey, 2004), and 500 Hz tone burst stimuli (Basta, Todt, & Ernst, 2007) have been shown to 
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decrease as a consequence of aging.   While amplitudes have been shown to decrease across all 
age ranges, the steepest declines following click stimuli have been shown to occur after the age 
of 60, whereas for galvanic-evoked responses a clear decrease has been demonstrated after the 
age of 70 (Welgampola & Colebatch, 2001b).  The greater decline in amplitude after the age of 
70 following galvanic stimulation suggests differing degenerative processes in the vestibular 
end organ and inferior vestibular nerve with aging.  In contrast to other VEMP parameters, 
where inconsistencies are found in the literature, an age-related decrease in amplitude has 
been a consistent finding among studies (Basta et al., 2005; Lee et al., 2008; Ochi & Ohashi, 
2003; Su et al., 2004; Welgampola & Colebatch, 2001b; Zapala & Brey, 2004).  
 A number of studies have reported prolonged N1 latencies with no effect on P1 latency 
(Su et al., 2004), while others report an age related increased latency in both P1 and N1 
latencies (Lee et al., 2008; Zapala & Brey, 2004).  In contrast, Basta et al. (2005) observed no 
age-associated differences in either P1 or N1 latency measurements.  Infants and young 
children aged 3-5 have demonstrated shorter N1 latencies and greater variability in amplitude 
when compared to adults (Kelsch, Schaefer, & Esquivel, 2006; Sheykholeslami, Megerian, 
Arnold, & Kaga, 2005).  Increased latency is more likely to reflect diminished CNS processing 
and transmission of otolithic signals to effector organs than diminished integrity of the 
labyrinth (Furman & Redfern, 2001).  Further, because prolonged P1 latency is frequently 
observed in brainstem lesions, a shift to the right of both waves may be more diagnostically 
useful than changes in N1 latency alone (Lee et al., 2008).  While the method of SCM activation 
and monitoring is unlikely to affect VEMP latencies (Akin et al., 2004), making comparisons 
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among studies is difficult due to differences in stimulus type, repetition rate, and stimulus 
duration.   
Whereas decreased amplitudes may be related to age related changes in neuromuscular 
control of SCM tonicity (Colebatch et al., 1994), the ability to maintain SCM tension is unlikely 
to affect the threshold or the latency of the response (Lee et al., 2008; Ochi & Ohashi, 2003).  
While the threshold of the response may be affected by the integrity of the saccule itself, 
prolonged latencies may be associated with age-related functional changes at numerous sites 
along the response pathway from the saccule to the inferior vestibular nerve, lateral vestibular 
nucleus, and lateral vestibulospinal tract to the SCM muscle (Robertson & Ireland, 1995).  Thus, 
a comprehensive approach to the effect of age on the VEMP involves consideration of changes 
in the integrity of the labyrinth, diminished CNS modulation, and declines in muscular strength 
and function.  Further, differences in recording techniques such as variations in stimulus type, 
repetition rates, stimulus duration, rise and fall time, and filter setting need to be established as 
each will affect the response rates, response thresholds, and P1 and N1 latencies reported as a 
consequence of age. 
 
Clinical Applications 
Although further studies are needed to establish normative data, investigate optimal 
test protocols, and determine disease specific responses, recent research has established the 
clinical usefulness of the VEMP.  The vestibular evoked responses to saccular stimulation can 
provide important information that supplements conventional vestibular tests and aids in the 
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diagnosis and localization of vestibular lesions.  While caloric and rotational testing provide 
information on the integrity of the horizontal semicircular canals, and posturography and 
platform tests provide more functional information on sensory interactions for postural 
stability, VEMPs provide an opportunity to uniquely evaluate the integrity of the saccule and 
inferior vestibular nerve.   
A significant amount of research has been devoted to demonstrating the efficacy of 
VEMPs in the diagnosis of numerous neurotological diseases such as Meniere’s disease (Lin et 
al., 2006; Nabi & Parnes, 2009; Timmer, Zhou, Guinan, & Kujawa, 2006), vestibular 
schwannomas (Murofushi et al., 1998; Murofushi, Matsuzaki, & Takegoshi, 2001a), superior 
canal dehiscence (Brantberg et al., 2004; Streubel, Cremer, Carey, Weg, & Minor, 2001; 
Welgampola, Myrie, Minor, & Carey, 2008), vestibular neuritis (Chen, Young, & Wu, 2000), 
Herpes zoster oticus (Halmagyi, Aw, Karlberg, Curthoys, & Todd, 2002; Lu & Young 2003; 
Murofushi, Shimizu, Tagedoshi, & Cheng, 2001b), and perilymphatic fistulas (Modugno, 
Magnani, Bandolini, Sauastio, & Pirodda, 2006).  VEMPs can further be used to differentiate 
between acute low-tone hearing loss and stage 1 of Meniere’s disease (Wu & Young, 2004).  
Abnormal VEMPs may also be observed in patients with central vestibular disorders (Aidar & 
Susuki, 2005; Takegoshi & Murofushi, 2000; Versino et al., 2002). 
Vestibular evoked myogenic potentials are useful in identifying a pathological increase 
in vestibular sensitivity to sound in patients with Tullio phenomenon and superior canal 
dehiscence (SCD).  Superior canal dehiscence syndrome (SCDS) was first described in 1998 by 
Minor of John’s Hopkins University Hospital (Minor et al., 1998).  In this rare condition, the 
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petrosal bone overlying the superior semicircular canal is absent or thins excessively creating a 
third mobile window in the labyrinth and rendering the patient more sensitive to pressure and 
noise.  Pressure changes via the external ear canal, Valsalva maneµVer, or loud noises can lead 
to vertigo and oscillopsia, with vertical or torsional eye movements being a classic symptom of 
SCDS.  While hearing and caloric testing may give normal results, VEMPs exhibit abnormally low 
thresholds and abnormally large amplitudes on the affected side in patients with SCD and 
Tullio’s phenomenon (Brantberg & Fransson, 2001; Brantberg & Verrecchia, 2009; Pfammatter 
et al., 2010; Streubel et al., 2001).  In some individuals with SCD a conductive hearing loss 
similar to that of otosclerosis is seen; VEMPs in response to clicks or tone bursts are usually 
absent in these patients (Minor et al., 2003).  Similar response patterns have been observed in 
patients with perilymphatic fistulas (Modugno et al., 2006). 
Although vestibular neuritis most frequently affects the superior vestibular nerve, 
approximately one third of patients have absent or decreased VEMP amplitudes on the 
ipsilesional side, suggesting additional inferior vestibular nerve involvement (Kim et al., 2008; 
Murofushi et al., 2001a).  VEMPs may be useful in identifying the precise location of the 
inflammation in these cases, i.e., superior or inferior vestibular nerve or Scarpa’s ganglion 
(Halmagyi et al., 2002).  While caloric responses would be expected to be absent in patients 
with vestibular neuritis, Halmagyi et al., (2002) reported two patients with normal caloric 
responses and absent VEMPs, suggesting singular inferior vestibular nerve neuritis.  Because 
VEMP responses have been shown to improve over time in patients with vestibular neuritis, 
VEMP testing can also provide information on the rate of recovery (Kim et al., 2008). 
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Patients with Meniere’s disease experience fluctuating low frequency hearing loss, 
tinnitus, aural fullness, and vertigo.  The suspected underlying etiology of the disease is 
endolymphatic hydrops, with the saccule being the most prominent vestibular site in their 
development (Brantberg & Verrecchia, 2009).  Traditional testing for Meniere’s disease has 
involved caloric testing and electrocochleography; however, recent studies have demonstrated 
clinical utility of VEMP testing in estimating the nature and severity of vestibular damage due to 
the disease itself or to the treatments given, such as administration of intratympanic 
gentamicin therapy (Helling, Schonfeld, & Clarke, 2007; de Waele, Huy, Diard, Freyss, & Vidal, 
1999).  While Kuo et al. (2005) reported absent or decreased VEMP amplitudes within the first 
24 hours of an attack, with approximately half of these patients demonstrating normal VEMP 
amplitudes after 48 hours, others have found augmented VEMPs during the acute phase of an 
attack, possibly owing to contact of the distended saccular wall with the stapes footplate 
(Young, C.C. Wu, & C.H. Wu, 2002; Young, Huang, & Cheng, 2003).  Increased VEMP amplitudes 
have been reported in ~30%-40% of Meniere’s disease patients following administration of 
diuretic substances such as glycerol or furomeside (Magliulo, Parrotto, Gagliardi, Cuiuli, & 
Novello, 2008; Murofushi et al., 2001a; Ohki, Matsuzaki, Sugasawa, & Murofushi, 2002).  As the 
disease progresses, VEMPs tend to become attenuated or absent secondary to dilatation or 
degeneration of hair cells in the vestibular endorgan (Young et al., 2003).   
Histologic as well as clinical studies have demonstrated that saccular hydrops are 
present in the asymptomatic ear of more than one third of Meniere’s disease patients (Lin et 
al., 2006; Thomas & Harrison, 1971).  Meniere’s like VEMP changes in threshold and tuning 
have likewise been observed in the asymptomatic ears of as many as one third of patients with 
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Meniere’s disease (Lin et al., 2006; Ohki et al., 2002).  Generation of threshold response curves 
can be clinically useful in the diagnosis of Meniere’s disease (Rauch, Zhou, Kajawa, Guinan, & 
Hermann, 2004) and in distinguishing the symptomatic from the asymptomatic ear (Lin et al., 
2006).  However, use of amplitude asymmetry ratios as an indication of the degree of 
abnormality may provide misleading information in patients with Meniere’s disease (Rauch et 
al., 2004).  On the other hand, bilateral VEMP testing in these patients may be useful in 
detecting asymptomatic or presymptomatic endolymphatic hydrops.   
The cochlea and vestibular end organs have been recognized as the primary sites of 
aminoglycoside-induced otoxicity.   In a comparative study of the effects of intratympanic 
aminoglycoside therapy in guinea pigs, Day et al. (2007) used ABR, calorics, and VEMPs to 
evaluate the effect of gentamicin, tobramycin, amikacin, and saline (placebo) on the saccule.   
Following injection of gentamicin, abnormal ABR responses were found in 30% of the guinea 
pigs while abnormal caloric and absent VEMP responses were observed in 100% of them.  
These results suggest that VEMP testing can play an important role in monitoring adverse 
effects on the vestibular system in patients undergoing intratympanic gentamycin therapy (Day, 
Lue, Yang, & Young, 2007).   
Increased response thresholds and-or low amplitude responses have been reported in 
~55%-80% of patients with vestibular schwannoma (acoustic neuroma).  While the sensitivity of 
VEMP testing for detection of a vestibular schwannoma is too low to render the test clinically 
useful in this regard, patients with extracanalicular vestibular schwannoma and abnormal 
VEMPs have been found to have larger tumors that those with normal VEMP amplitudes 
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(Suzuski et al., 2008).  Tumors that compress the myelin sheaths of the inferior vestibular nerve 
or the vestibulospinal tract can cause demyelination and decreased conduction velocity.  This 
slowing is reflected in prolonged P1 latencies and in some instances delayed N1 latency 
(Murofushi et al., 2001b).  Because abnormal VEMP responses for patients with vestibular 
schwannomas from the superior vestibular nerve exhibit no distinguishing features from those 
involving the inferior vestibular nerve, VEMP testing has not been shown to be useful in 
determining the nerve of origin (Suzuki et al., 2008).  VEMP testing may, however, be useful for 
determining preoperative status and for monitoring vestibular function over time in these 
patients (Brantberg & Verrecchia, 2009).        
Vestibular evoked myogenic potential testing also shows promise in the diagnosis of 
central nervous system disorders, especially those that result in delayed transmission of nerve 
impulses as occurs in multiple sclerosis, CVA, and other brainstem lesions.  VEMPS are also 
important in the differential diagnosis of specific types of spinocerebellar degeneration.  
Takegoshi and Murofushi (2000) demonstrated that VEMPS were preserved in patients with 
olivo-ponto-cerebellar ataxia and cortical cerebellar atrophy but abnormal in conditions such as 
Machado-Joseph disease where spinocerebellar ataxia predominates.  In patients with 
cerebellopontine angle tumor, VEMPS can be used to determine the best surgical approach 
based on the origin of the tumor in the inferior or superior division of the vestibular nerve 
(Chen, Young, & Tseng, 2002).  Prolonged latencies are found in patients with multiple sclerosis 
(Aidar & Suzuki, 2005; Alpini, et al., 2004; Murofushi et al., 2001b; Shimizu, Murofushi, 
Kermany, & Kaga, 2000; Versino et al., 2002), and abnormal VEMPs are observed in basilar type 
migraine (Liao & Young, 2004) and brainstem stroke (Chen & Young, 2003).  With severe 
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demyelination as occurs in multiple sclerosis, decreased response amplitude may be observed 
owing to either a conduction block or desynchronized conduction with subsequent phase 
cancellation (Brantberg & Verrechia, 2009).  Thus, VEMPs are a reliable and clinically useful tool 
with diagnostic value in a number of peripheral and central vestibular disorders (Brantberg, 
2009).   
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CHAPTER 3 
METHODS 
Participants 
 Twenty-four healthy volunteers (16 females and 8 males; mean age range, 26.38 ± 7.34 
years) underwent VEMP testing on two separate occasions.  An additional twenty-four healthy 
volunteers (14 females and 10 males; mean age 23.25 ± 6.45 years) underwent testing in a 
single session.  Subjects were recruited from employees at James H. Quillen VA Medical Center 
and East Tennessee State University and students at East Tennessee State University.  Selection 
criteria for both groups included no previous history of vestibular, auditory, or neurological 
disorders and no history of head, neck, or spinal trauma or disease.  All subjects had normal 
hearing sensitivity and normal tympanograms on the days of testing.  Each subject exhibited 
normal strength of the sternocleidomastoid muscle and was able to maintain isometric 
contraction of the SCM muscle throughout the test duration.  The study was conducted at the 
Veterans Administration Medical Center at Mountain Home, and the protocol was approved by 
the ETSU/VA Institutional Review Board and the VA Research and Development Committee.  All 
study participants signed an informed consent form prior to participation in the study.  The 
study participants in experiment 2 were given nominal payment for their time.   
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Stimulus and Recording Parameters 
The VEMP responses were obtained through a two-channel recording of the myogenic 
potential using a commercially available evoked potential unit (GN Otometrics EP200; version 
6.2.1).  A series of 500-Hz tone-burst, 90 dB nHL stimuli (rarefaction onset phase, Blackman 
gating function, 2 cycle rise and fall time with no plateau) were delivered via ER3A insert 
earphones at a repetition rate of 5/sec with a bandpass filter set at 20 – 1500 Hz and amplifier 
gain of 5,000 x.  The tone-burst level and rate remained consistent across all trials.  
Approximately 128 tone-burst sweeps were presented to the ear ipsilateral to the activated 
SCM during unilateral activation of the SCM and to both ears during bilateral activation of the 
SCM.   
Surface electrodes were placed at the midpoint of the SCM muscle (noninverting 
electrode), at the sternoclavicular junctions (inverting electrode), and the ground electrode was 
placed at the center of the forehead.  The skin overlying the areas to which the electrodes were 
applied was prepped with an abrasive cleanser and alcohol to facilitate optimum conductance. 
The midpoint of the SCM was determined by measuring the distance from the anterior-inferior 
aspect of the mastoid process and the distal aspect of the clavicle at the sternoclavicular 
junction, and calculating the midpoint of that measurement.  The EMG signals from each 
channel were amplified (10,000x, band pass filtered from 20 to 450 Hz (12 dB/octave) and 
digitized at 1024 Hz via a portable EMG unit (DelSys, Inc., Bagnoli-2).  A poststimulus recording 
window of 80 ms was used with a 20 ms prestimulus baseline.  Individual responses to 128 
stimuli were averaged and three sets of averages were obtained for each condition.  To correct 
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for background activity, peak-to-peak response amplitudes were divided by the rectified 
background activity level of a 20 ms period before the start of the stimulus. 
VEMP responses were obtained at rectified EMG root-mean-square target levels of 0µV, 
30µV, 50µV, 70µV, and 90µV in experiment 1 and at 50µV for the SE, SR and SitR methods and 
at 70µV for the SER method of SCM activation in experiment 2.  Responses to the 
approximately 128 sweeps were averaged and two consecutive runs were performed in each 
condition and at each feedback level to verify reproducibility of the waveform.  Results from 
the two consecutive runs were then averaged to provide a final response.  Conditions (both 
SCM muscle activation pattern and ear tested) as well as the order of EMG target levels were 
randomized.  Subjects were provided a 30-second rest between each set of waveforms, and a 
3-5 minute rest between each of the four conditions in experiment 1 (SCM muscle activation 
pattern and testing of either the right or left ear at four feedback levels) and experiment 2 
(SCM muscle activation pattern and testing of both right and left ears at two feedback levels). 
To control for the effects of tonic EMG level on the VEMP, a two-channel EMG recording 
from the SCM muscle was obtained simultaneously with the evoked potential recordings (Akin 
& Murnane, 2001).  Subjects were provided visual biofeedback via an oscilloscope to assist 
them in maintaining the target EMG levels in each condition.  A stand-alone differential 
electrode was placed in parallel with the muscle fibers of each SCM midway between the 
mastoid process and sternoclavicular joint.  A reference electrode was placed on the wrist.  The 
EMG signals from each side were amplified, filtered, and digitized using a portable EMG unit.  
The amplified signal displayed current and target EMG levels in analog form on a computer 
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monitor.  Subjects used the visual biofeedback information to alter their motor unit activity by 
voluntarily increasing or decreasing muscle tension to produce the optimal target rectified EMG 
rms amplitude for each position and muscle activation pattern.   
All 24 participants of experiment 1 underwent VEMP testing using each SCM activation 
method at all four EMG feedback levels, with two recordings for each condition.  The two 
recordings were then averaged together for a total of eight VEMP recordings in SE (binaural 
stimulation and bilateral recording at each of four feedback levels), and four VEMP recordings 
in each of the other three methods (monaural stimulation and unilateral recording at each of 
four feedback levels).  An additional 24 subjects underwent VEMP testing in experiment 2 using 
each SCM activation method once without and once with visual feedback at a target level of 
either 50µV or 70µV, with two recordings for each condition.  The two recordings were again 
averaged together for a total of eight VEMPs in SE (binaural stimulation and bilateral recording 
without feedback and at a target level of 50 µV), and four VEMP recordings in each of the other 
three methods (monaural stimulation and unilateral recording for both ears, once without and 
once with visual feedback).   
Subjects rated their level of comfort with each condition (four methods of SCM 
activation, four feedback levels, and with and without visual feedback) using a visual analog 
scale (Figure 5).  A score of zero indicated complete comfort and that little to no effort was 
required to maintain SCM muscle activation, whereas a score of 10 represented the greatest 
difficulty and worst discomfort imaginable.  The questionnaire was visible to subjects 
throughout testing. 
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Circle the number below that best represents your level of comfort during the test session just 
completed. 
 
      0             1             2             3             4             5             6             7             8             9             10 
 
Completely                                                                                                                                      Worst 
Comfortable                                                                                                                                 Discomfort 
Figure 5: Visual analog scale used by subjects to rate the level of comfort experienced with each 
of the four methods of SCM activation. 
 
Experiment 1 
 In the first set of experiments, each subject underwent VEMP testing for either the right 
or left ear employing four different conditions (muscle activation pattern and either the right or 
left ear) on each of two different days.  Each condition included testing of either the left or right 
ear and one of four different muscle activation patterns as follows: 1) supine elevation (bilateral 
SCM activation, 2) supine rotation (unilateral SCM activation), 3)supine elevation-rotation 
(unilateral SCM activation), and 4) sitting rotation (unilateral SCM activation).  The stimuli were 
presented binaurally in the SE method and unilaterally in the SR, SER, and SitR methods.  The 
four different muscle activation patterns are illustrated in figures 6 through 9.  Recordings were 
obtained in each condition at four different feedback levels (without feedback and with 
feedback at target levels of 50 µV, 70 µV, and 90 µV).  Sessions were scheduled a minimum of 1 
week and a maximum of 4 weeks apart to minimize the possibility of a learning effect.   
During the first set of randomized recordings on each day, subjects were asked to 
maintain each position and mode of muscle activation throughout testing without any visual 
biofeedback to assist them in maintaining a constant level of muscle contraction.  During the 
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second set of randomized recordings on each day, subjects were provided visual biofeedback 
via an oscilloscope displaying the current and target (50µV, 70 µV, and 90µV) levels of tonic 
muscle contraction.  Two waveforms were obtained in each muscle activation pattern both 
with and without visual feedback.  Subjects were provided a 30-second rest between each set 
of waveforms, and a 3-5-minute rest upon completion of testing in each of the four conditions. 
 
Experiment 2 
In experiment 2, the effect of each SCM activation method and the influence of visual 
biofeedback on amplitude asymmetries between the right and left ears were assessed.  
Subjects were tested in a single session using the same four different muscle activation patterns 
described for experiment 1 (Figures 6 through 9).  The stimuli were presented monaurally for 
the SR, SER, and SitR methods of SCM activation and binaurally for the SE method.  VEMPs were 
obtained from both ears of each subject once without and once with visual biofeedback.  As the 
results of the first experiment indicated that the least variability of mean rectified EMG levels 
was noted at 50 µV for the SE, SR, and SitR methods and at 70 µV for the SER method, these 
target feedback levels were used for each of the eight conditions (muscle activation pattern and 
right and left ears).  Muscle activation pattern, ear tested, and feedback level were randomized.   
Peak-to-peak amplitudes were calculated from the mean of the two responses for each subject 
in experiment 2.  Asymmetry ratios were then calculated using the following formula:  
100│(AL–AS/(AL+AS)│ in which AL equals the larger P1/N1 amplitude and AS equals the smaller 
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P1/N1 amplitude.  Subjects were provided a 30-second rest between each set of waveforms, 
and a 3-5-minute rest upon completion of each of the eight conditions. 
Condition 1: Participants were asked to bilaterally contract the SCM muscles by lifting the head 
off the support surface.  
 
Figure 6:  Supine Elevation (SE) method of SCM activation 
Condition 2: Participants were asked to contract the SCM muscle through head rotation while in 
the supine position.  Participants were instructed not to lift their head from the support surface 
during the head rotation. 
 
Figure 7:  Supine Rotation (SR) method of SCM activation 
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Condition 3: Participants were asked to contract the SCM muscle by lifting the head off the 
support surface and rotating it while in the supine position.  
 
Figure 8:  Supine Elevation Rotation (SER) method of SCM activation 
Condition 4: Participants were asked to contract the SCM muscle through head rotation while in 
the sitting position.   
 
Figure 9:  Sitting Rotation (SitR) method of SCM activation 
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Data Analysis 
VEMP latency and peak-to-peak amplitudes (AL and AR), mean rectified EMG values, and 
difficulty ratings were calculated from the mean of two responses for each subject and 
compared across trials using a repeated measures design.  For experiment 2, the computed 
asymmetry ratios were also compared across trials using a repeated measures design.  The 
following repeated measures analyses of variance (RMANOVA) were conducted separately for 
VEMP amplitude, latency, mean rectified EMG level, and subject difficulty ratings using SPSS 
statistical software (Version 17.0, SPSS Inc., Chicago, IL, USA): (1)  method of SCM muscle 
activation, (2) feedback level, and (3) session (experiment 1).  The MANOVA for the four 
methods of SCM activation and four different feedback levels for sessions 1 and 2 in 
experiment 1 included responses from only one ear.  The following repeated measures analyses 
of variance (RMANOVA) were conducted for VEMP AR: (1) method of SCM muscle activation 
and (2) feedback level (experiment 2).  The MANOVA for the four methods of SCM activation 
and two different feedback levels in a single session in experiment 2 included responses from 
both the right and left ears.  The degrees of freedom for main effects were corrected using 
Greenhouse-Geisser estimates of sphericity whenever Mauchly’s test indicated that the 
assumption of sphericity had been violated.  We considered p-values <0.05 as statistically 
significant.  Post-hoc tests consisted of paired comparisons and the p-values were adjusted 
using the Bonferroni procedure to correct for experiment-wise error.  Repeatability of P1 
latency, N1 latency, P1/N1 amplitude, mean rectified SCM EMG levels, and difficulty ratings 
between sessions 1 and 2 of experiment 1 was assessed by computing a Pearson’s Product-
Moment Correlation coefficient for each variable.  
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CHAPTER 4 
RESULTS 
 
Experiment 1: Effect of SCM Muscle Activation Method on SCM EMG 
Level, VEMP Amplitude, Latency, and Perceived Difficulty Rating 
 
Mean rectified EMG values, P1/N1 amplitude, P1 latency, N1 latency, and difficulty 
ratings were obtained in response to 500 Hz tone-burst stimuli for each of the four SCM 
activation methods.  VEMP responses were present in all 24 subjects in each of the two 
sessions when tested using the supine rotation, supine elevation rotation, and sitting rotation 
methods.  The means and standard deviations of the EMG amplitude, P1 and N1 latencies, and 
P1/N1 amplitudes were recorded for each method of SCM activation in Experiment 1 (Tables 1, 
2, 3, and 4). 
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 Table 1. 
 
Mean ± SD for each Parameter as a Function of Method of SCM Activation when Subjects were 
Tested without Visual Biofeedback.  Values Represent Data (n = 24) from each of Sessions 1 and 
2 of Experiment 1.  
 
 
Activation 
Method 
 
P1 latency 
 
N1 latency 
 
Amplitude 
P1/N1 
 
EMG level 
 
Difficulty 
Rating 
 
1: SE    S1                    14.27±1.21 21.8±1.2 141.59±83.18 44.78±18.71 3.17±1.52 
       95% CI (13.73, 14.71) (21.3, 22.31) (106.46, 176.71) (36.88, 52.68) (2.52, 3.81) 
    SE    S2 13.85±1.03 21.7±1.27 132.23±56.42 47.03±20.87 2.46±1.55 
      95%  CI (13.42, 14.29) (21.17, 22.24) (108.4, 156.05) (38.21, 55.84) (1.8, 3.11) 
      
2: SR    S1 14.4±1.43 22.47±2.19 155.81±124.2 48.86±24.01 .79±.66 
       95% CI (13.75, 14.5) (21.55, 23.39) (103.37, 208.26) (38.72, 59.0) (.51, 1.07) 
    SR    S2 14.25±1.0 22.55±2.04 137.78±94.25 42.65±24.26 .77±1.16 
       95% CI (13.75, 14.56) (21.69, 23.41) (97.98, 177.58) (32.4, 52.89) (.28, 1.26) 
      
3: SER  S1 14.05±.83 21.0±1.33 464.31±201.23 114.12±36.25 3.0±1.62 
       95% CI (13.7,14.4) (20.85, 21.9) (379.34, 549.29) (98.81,129.43) (2.32, 3.69) 
    SER   S2 13.93±.89 21.25±1.56 378.52±190.89 105.11±39.19 2.31±1.28 
      95% CI (13.56, 14.31) (21.02, 22.24) (297.92, 459.13) (88.56, 121.66) (1.77, 2.86) 
      
4: SitR  S1 14.67±1.5 22.91±1.99 161.32±94.04 50.8±26.29 .96±1.09 
      95% CI (13.79, 14.58) (21.83, 23.49) (121.61, 201.03) (39.7, 61.91) (.5, 1.42) 
    SitR   S2 14.4±1.25 22.74±2.2 121.87±82.6 42.17±16.32 .67±.7 
     95% CI (13.83, 14.68) (21.58, 23.4) (86.99, 156.74) (35.28, 49.06) (.37, .96) 
SE = supine elevation, SR = supine rotation, SER = supine elevation rotation, SitR = sitting 
rotation, S1 = Session 1, S2 = Session 2 CI = confidence interval 
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Table 2. 
Mean ± SD for each Parameter as a Function of Method of SCM Activation when Subjects were 
Provided Visual Biofeedback at a Target Level of 50 µV Throughout Recording.  Values Represent 
Data (n=24) from each of Sessions 1 and 2 of Experiment 1.  
 
Activation 
Method 
 
 
P1 latency 
 
N1 latency 
 
Amplitude 
P1/N1 
 
EMG level 
 
Difficulty 
Rating 
1:  SE    S1                     14.11±1.43 21.59±1.3 174.17±94.82 49.71±5.41 4.4±1.91 
       95% CI (13.51, 14.71) (21.04, 22.14) (134.13, 214.2) (47.43, 51.99) (3.59, 5.2) 
     SE    S2 14.03±.92 21.37±1.45 173.53±109.08 49.02±4.27 3.75±2.27 
       95% CI (13.64, 14.42) (20.75, 21.98) (127.47, 219.59) (47.22, 50.83) (2.79, 4.71) 
      
2:  SR    S1 14.38±1.2 22.42±1.45 168.02±83.95 50.01±2.26 2.71±1.59 
       95% CI (14.06, 14.65) (21.81, 23.03) (132.57, 203.47) (49.06, 50.97) (2.04, 3.38) 
     SR    S2 14.43±1.08 22.19±1.69 181.59±119.57 51.04±1.2 2.73±2.13 
       95% CI (13.94, 14.69) (21.48, 22.9) (131.1, 232.08) (50.2, 51.89) (1.83, 3.63) 
      
3:  SER  S1 14.05±.83 21.0±1.33 204.66±95.95 54.89±9.02 3.5±1.62 
      95% CI (13.95, 14.96) (21.74, 22.92) (164.15, 245.18) (51.08, 58.7) (2.82, 4.19) 
     SER   S2 13.93±.89 21.25±1.56 217.62±130.62 57.9±13.95 2.94±1.77 
      95% CI 14.03, 15.02) (21.88, 23.25) (162.46, 272.77) (52.01, 63.79) (2.19, 3.69) 
      
4:  SitR  S1 14.9±1.22 22.83±1.4 170.95±79.18 50.52±2.09 2.79±1.85 
      95% CI (14.08, 14.75) (22.0, 23.1) (137.52, 204.39) (49.64, 51.4) (2.01, 3.57) 
     SitR   S2 14.67±.98 22.79±1.37 167.4±80.66 49.77±1.98 2.42±1.55 
      95% CI (14.01, 14.85) (21.94, 23.09) (133.34, 201.46) (48.93, 50.6) (1.76, 3.07) 
SE = supine elevation, SR = supine rotation, SER = supine elevation rotation, SitR = sitting 
rotation, S1 = Session 1, S2 = Session 2 
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Table 3.  
Mean ± SD for each Parameter as a Function of Method of SCM activation when Subjects were 
Provided Visual Biofeedback at a Target Level of 70 µV Throughout Recording.  Values Represent 
Data (n=24) from each of Sessions 1 and 2 of Experiment 1.  
 
Activation 
Method 
 
 
P1 latency 
 
N1 latency 
 
Amplitude 
P1/N1 
 
EMG level 
 
Difficulty 
Rating 
1:  SE   S1 13.93±1.5 20.9±1.21 222.44±139.89 65.99±7.23 5.44±2.23 
       95% CI (13.25, 14.17) (20.4, 21.42) (163.37, 281.51) (62.94, 69.05) (4.5, 6.38) 
   SE    S2 13.75±1.08 21.08±1.31 215.5±147.99 67.48±4.32 4.88±2.37 
       95% CI (13.29, 14.12) (20.53, 21.64) (153.01, 277.99) (65.66, 69.3) (3.87, 5.88) 
2:  SR    S1 14.33±1.16 21.74±1.39 229.99±105.97 69.12±3.5 3.58±2.16 
       95% CI (13.81, 14.59) 21.15, 22.32) (185.24, 274.73) (67.64, 70.6) (2.67, 4.49) 
 SR    S2 14.38±.95 21.5±1.48 275.61±193.96 72.14±9.07 3.54±2.34 
       95% CI (13.78, 14.42) (20.88, 22.13) (193.71, 357.51) (68.31, 75.97) (2.26, 4.53) 
3:  SER  S1 14.24±1.21 21.52±1.51 297.3±137.47 72.45±4.99 4.17±1.49 
       95% CI (13.73, 14.75) (21.31, 22.52) (239.25, 355.35) (70.34, 74.56) 3.54, 4.8) 
   SER   S2 14.39±1.12 21.65±1.72 297.58±177.56 73.03±5.6 3.21±1.79 
       95% CI (13.92, 14.86) (21.33, 22.65) (222.61, 372.56) (70.67, 75.39) (2.45, 3.97) 
4:  SitR  S1 14.59±1.05 22.2±1.16 249.28±114.31 69.59±3.08 3.92±2.16 
       95% CI (13.89, 13.8) (21.4, 22.38) (201.01, 297.55) (68.29, 70.88) (3.01, 4.83) 
  SitR   S2 14.5±1.01 22.23±1.21 244.34±124.68 69.79±2.64 3.48±1.85 
       95% CI (13.84, 14.5) (21.45, 22.47) (191.7, 296.99) (68.68, 70.9) (2.7, 4.26) 
SE = supine elevation, SR = supine rotation, SER = supine elevation rotation, SitR = sitting 
rotation, S1 = Session 1, S2 = Session 2 
 
 
 
 
 
 
 
 
74 
 
Table 4.   
Mean ± SD for each Parameter as a Function of Method of SCM Activation when Subjects were 
Provided Visual Biofeedback at a Target Level of 90 µV Throughout Recording.  Values Represent 
Data (n=24) from each of Sessions 1 and 2 of Experiment 1.  
 
Activation 
Method 
 
 
P1 latency 
 
N1 latency 
 
Amplitude 
P1/N1 
 
EMG level 
 
Difficulty 
Rating 
1:  SE    S1                     13.66±1.15 20.6±1.3 272.15±207.36 80.64±8.83 6.5±2.37 
       95% CI (13.18, 14.15) (20.05, 21.15) 202.17, 372.17) (76.91, 84.37) (5.5, 7.5) 
     SE    S2 13.53±1.2 20.53±1.6 271.34±189.65 84.72±5.54 6.15±2.66 
       95% CI (13.02, 14.03) (19.85, 21.2) 191.26, 351.43) (82.38, 87.06) (5.02, 7.27) 
2:  SR    S1 14.21±1.23 21.78±1.23 297.3±137.47 88.44±8.1 4.58±2.33 
       95% CI (13.68, 14.35) (21.26, 22.29) 253.45, 382.78) (85.02, 91.86) (3.6, 5.57) 
     SR    S2 14.23±.85 21.4±1.34 297.58±177.56 89.25±3.45 4.33±2.32 
       95% CI (13.83, 14.48) 20.84, 21.97) (260.97, 437.22) (87.79, 90.7) (3.36, 5.31) 
3:  SER  S1 14.2±1.15 21.16±1.35 385.25±155.64 92.2±6.75 4.9±1.89 
       95% CI (13.72, 14.69) (21.02, 22.1) 319.53, 450.97) (89.35, 95.05) (4.1, 5.7) 
     SER   S2 14.26±1.03 21.35±1.53 381.83±239.06 90.96±6.15 4.42±2.22 
       95% CI (13.83, 14.7) (21.18, 22.37) (280.88, 482.77) (88.36, 93.55) (3.48, 5.36) 
4:  SitR  S1 14.34±1.05 21.98±1.15 321.99±167.81 86.27±5.37 4.67±2.22 
       95% CI (13.17, 14.41) (21.25, 22.16) 251.13, 392.85) (84.0, 88.54) (3.73, 5.6) 
     SitR   S2 14.45±.89 22.12±1.3 285.64±143.14 87.68±4.4 4.42±2.33 
       95% CI (13.84, 14.5) (21.3, 22.4) (225.19, 346.08) (85.82, 89.53) (3.44, 5.4) 
SE = supine elevation, SR = supine rotation, SER = supine elevation rotation, SitR = sitting 
rotation, S1 = Session 1, S2 = Session 2 
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Mean Rectified EMG Measures 
 
Figure 10 shows the mean rectified EMG levels for each method of SCM activation and 
feedback level.  Note the greater variability in EMG activity level when no visual biofeedback 
was provided during testing.  When given visual biofeedback, subjects did fairly well at hitting 
the target and the mean EMG levels for each activation method increased as a function of 
target level.  It is also noteworthy that with the SitR method there were fewer outliers than 
with the other methods, suggesting that most subjects were able to achieve and maintain 
target levels with the SitR method.   
The results show that there was a significant main effect of method of SCM activation 
on mean rectified EMG measures [F (1.99, 45.82) = 59.16, p = .000] and post-hoc contrasts 
revealed a significantly higher EMG level for the SER method than with any of the other three 
methods (p = .000).  There were no significant differences in EMG level between the other SCM 
activation methods.  The mean EMG levels are plotted as a function of SCM activation method 
and feedback condition in figure 10.  Note the disproportionately higher SCM EMG level with 
the SER method under the no-feedback conditions in comparison to those test conditions in 
which the patient was given a target level and provided visual feedback of the ongoing SCM 
muscle EMG level throughout VEMP recording.        
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Figure 10.   Boxplots of mean rectified EMG values as a function of method of SCM activation.  
Each panel contains the data for a different feedback level.  The horizontal line represents the 
mean rectified EMG levels for each method of SCM activation.  The lower boundary of each box 
indicates the 25th percentile and the upper boundary of each box indicates the 75th percentile.  
The error bars above and below the box indicate the 90th and 10th percentiles, respectively.  
Outliers are represented by open circles. 
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There was also a significant main effect of feedback condition on EMG level [F (1.13, 
25.88) = 120.99, p = .000] (Figure 10).  Post-hoc comparisons revealed significant differences 
between all possible pairs of feedback conditions.  While these differences are to be expected 
given the different target levels, it is interesting to note that in the absence of visual 
biofeedback, a much higher level of EMG activity was observed with the SER method when 
compared with each of the other methods.  There was also more variability in EMG activity 
within each method of SCM activation when subjects were tested without visual biofeedback. 
The individual SCM EMG levels are plotted as a function of target EMG level in figure 11.  The 
individual data were plotted within the target EMG domain so that overlapping data points 
were not obscured.  Figure 12 shows individual SCM EMG levels at each target EMG level as a 
function of method of SCM activation.  Subjects experienced greater difficulty achieving the 
target EMG level of 90 µV (mean = 80.6 µV in session 1 and 84.7 µV in session 2) with the SE 
method than they did with the other three methods.  They also experienced greater difficulty 
maintaining the EMG level at 50 µV (mean = 54.9 µV for session 1 and 57.9 µV for session 2) 
with the SER method than with any other method (Figure 12).   
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Figure 11.  Bivariate plots of the individual EMG amplitude as a function of the target EMG level 
for each method of SCM activation (data were collapsed across sessions 1 and 2).  The dashed 
diagonal line represents the condition in which the actual EMG level equals the target level.  
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Figure 12.  Dotplot demonstrating ability to achieve and maintain target EMG levels of 50 µV, 
70 µV, and 90 µV when tested with each SCM activation method in sessions 1 and 2 (n = 24).  
Closed circles represent session 1 and closed circles represent session 2.  
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There was a significant interaction effect between the method of SCM activation and 
level of feedback for EMG level [F (2.02, 46.53) = 45.69, p = .000].  These results suggest that 
mean rectified EMG measures varied depending upon both the position and mode of muscle 
activation and whether visual biofeedback (at three different levels) was provided or not.  
Figure 13 shows the interaction plot of SCM activation method and feedback condition.  Note 
that SCM EMG activity levels increased in proportion to the target level with each SCM 
activation method when subjects were given visual feedback to monitor the level of muscular 
tension.  The no-feedback condition showed a different effect with EMG levels being lowest 
with the SE, SR, and SitR methods but disproportionately higher with the SER method.  
Although subjects experienced greater difficulty achieving and maintaining a target level of 50 
µV with the SER method, the pattern of EMG activity across all positions was similar when 
visual biofeedback was provided.  In contrast, EMG values were from two to four times higher 
with the SER method when compared to the other methods when subjects were tested without 
any visual biofeedback.  Further, variability of EMG measures was greater under the NFB 
conditions for all methods.  No interaction effects were noted between sessions with regard to 
either SCM activation method or feedback condition.  There was no interaction effect among 
session, method of SCM activation, and feedback.  
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Interaction Effects of SCM Activation Method and 
Feedback Condition for Mean EMG Level 
 
      
 
 
 
 
 
 
 
   Session 1                                                                                     Session 2 
Key:  SE: Supine Elevation, SR: Supine Rotation, SER: Supine Elevation Rotation, SitR: Sitting 
rotation, NFB: No feedback, 50 µV, 70 µV, 90 µV represent the three target biofeedback levels. 
Figure 13.  Interaction plot of mean EMG measures in microvolts for all subjects showing the 
interaction of the four different methods of SCM activation and four feedback conditions. 
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P1/N1 Amplitude Measures 
  Repeated measures analyses of variance were used to analyze the P1/N1 amplitudes 
among the four different methods of SCM activation, followed by Bonferroni’s adjustment for 
multiple comparisons.  The results show that there was a significant main effect of method of 
SCM activation on amplitude measures [F (2.82, 64.92) = 45.82, p = .000].  Post-hoc contrasts 
revealed that the SER method resulted in significantly higher amplitudes compared to the other 
three activation methods (p = .000) and that the SE, SR, and SitR methods did not differ 
significantly with respect to one another.  Figure 14 shows the mean P1-N1 amplitude for the 
four different methods of SCM activation under each feedback condition.  On average, the SER 
method produced the highest P1-N1 amplitude across all feedback conditions followed by the 
SitR method.  While P1-N1 amplitudes were similar in the SR and SitR methods, the SR method 
frequently required one or two additional trials to obtain a VEMP response. P1-N1 amplitudes 
were lowest with the SE method.     
The results of the RMANOVA indicated a significant main effect of EMG target level on 
P1-N1 amplitude [F (1.28, 29.53) = 29.92, p = .000] and post-hoc comparisons revealed a 
significant difference in P1-N1 amplitude between the no-feedback condition and a target level 
of 90 µV (p = 0.001).  No significant differences were observed when comparing the no-
feedback condition with target levels of 50 µV and 70 µV.  The P1/N1 amplitude was 
significantly different (p = 0.000) among the three target EMG levels, as each followed the 
general trend of increasing amplitudes with higher target EMG levels.  There was no significant 
main effect of session on P1-N1 amplitude.  
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Figure 14.  Boxplots of P1/N1 amplitude for all subjects for the four different methods of SCM 
activation with and without visual biofeedback.  Plots represent collapsed data across both 
sessions.  The center horizontal line within each box represents the mean P1-N1 amplitude. The 
lower boundary of the box indicates the 25th percentile and the upper boundary of the box 
indicates the 75th percentile.  The first set of plots represents the P1/N1 amplitude measures 
without visual biofeedback during testing and the remaining sets of plots represents theP1/N1 
amplitude measures with visual biofeedback at three different levels (50 µV, 70 µV and 90 µV) 
during testing.  Open circles represent outliers. 
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Figures 15 and 16 show a significant interaction effect between the method of SCM 
activation and level of feedback used F(3.47, 79.69) = 26.65, p = .000 with the rise in amplitude 
under no-feedback conditions being disproportionately higher with the SER method than with 
the other methods.  These results suggest that P1-N1 amplitude varied depending upon both 
the SCM activation method and whether visual biofeedback (at three different levels) was 
provided or not.  Amplitudes with the SE, SR, and SitR methods were similar across all feedback 
levels.  The P1-N1 amplitude increased in proportion to the target EMG level with each method 
of SCM activation in the presence of visual biofeedback; however, a different effect was 
observed in the absence of visual biofeedback.  When no feedback was provided, amplitudes 
were lowest with the SE, SR, and SitR methods when compared to the amplitudes obtained at 
each of the feedback target levels.  In contrast, amplitudes were higher with the SER method 
under the NFB condition than for all of the feedback target levels.  Within each method of SCM 
activation amplitudes scaled in proportion to target EMG levels; however, mean amplitudes 
were always higher with the SER method of SCM activation regardless of the feedback 
condition (NFB, 50 µV, 70 µV, or 90 µV).  The interaction of session and SCM activation method 
was not significant, whereas there was an interaction effect between session and feedback [F 
(1.96, 45.11) = 4.62, p = .015].  Amplitudes using each of the four different methods of SCM 
activation varied across the two sessions depending upon the four feedback levels.  At each of 
the target levels of 50, 70, and 90 µV, amplitudes were relatively similar between the SR and 
SitR methods.  There was no significant interaction effect among session, method of SCM 
activation, and feedback.  
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Interaction Effects of SCM Activation Method and 
Feedback Condition for P1/N1 Amplitude 
Session 1 
 
Key: 
SE:  Supine Elevation, SR: Supine Rotation, SER: Supine Elevation Rotation, SitR: Sitting Rotation 
NFB: No feedback, 50µV, 70µV , 90µV represent the three target biofeedback levels. 
 
Figure 15:  Interaction plot of mean amplitude measures in microvolts for all subjects showing 
the interaction of the four different methods of SCM activation and four feedback conditions 
for session 1. 
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Interaction Effects of SCM Activation Method and 
Feedback Condition for P1/N1 Amplitude 
Session 2 
 
 
Key: 
SE:  Supine Elevation, SR: Supine Rotation, SER: Supine Elevation Rotation, SitR: Sitting Rotation 
NFB: No feedback, 50µV, 70µV , 90µV represent the three target biofeedback levels. 
 
 
Figure 16.  Interaction plot of mean amplitude measures in microvolts for all subjects showing 
the interaction of the four different methods of SCM activation and four feedback conditions 
for session 2. 
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Self-Perceived Level of Difficulty  
Each of the four methods of SCM activation was compared under each feedback 
condition for the subject’s perceived difficulty in achieving and maintaining the required 
position.  The results show that there was a significant main effect of method of SCM activation 
on difficulty ratings [F (2.07, 47.56) = 28.38, p = .000].  Post-hoc comparisons revealed that the 
SE method was rated as being significantly more difficult than each of the other methods (p = 
.000) and the SER method was rated significantly more difficult than SR (p – 0.028) and SitR (p = 
0.003).  Subjects rated the SR and SitR methods similarly across all feedback levels.  There was 
also a significant main effect of feedback condition on difficulty ratings [F (1.46, 33.71) = 57.38, 
p = .000], and post-hoc comparisons revealed that difficulty ratings increased with each method 
of SCM activation as target EMG levels increased (Figure 17).  Difficulty ratings varied 
depending upon both the method of SCM activation and feedback condition with the 
interaction effect being significant at [F (3.68, 84.61) = 7.08, p = .000.  The pattern of difficulty 
ratings across all methods of SCM activation was similar when visual biofeedback was provided, 
with the SE method being rated at a significantly higher level of difficulty than each of the other 
methods (p = 0.000).  In contrast, the no-feedback condition showed a different effect, with the 
SE and SER methods being rated similarly and at a higher difficulty level than the SR and SitR 
methods.  Difficulty ratings were similar under all feedback conditions (NFB, 50µV, 70µV, and 
90µV) for the SR and SitR methods of SCM activation (Figure 18). 
There was no main effect of session, no interaction effects of session and method of 
SCM activation, or of session and feedback, or session, method of SCM activation, and 
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feedback, suggesting that subjects were consistent across sessions in their ratings of level of 
difficulty with regard to both method of SCM activation and feedback level. 
 
Figure 17:   Boxplots of difficulty ratings for all subjects comparing the four different methods of 
SCM activation with and without visual biofeedback.  Plots represent collapsed data across both 
sessions.  The center horizontal line represents the mean difficulty rating for each method of 
SCM activation.  The lower boundary of each box indicates the 25th percentile and the upper 
boundary of each box indicates the 75th percentile.  The error bars above and below the box 
indicate the 90th and 10th percentiles, respectively.  The first set of plots represents the 
difficulty ratings without visual biofeedback during testing and the remaining sets of plots 
represents the difficulty ratings with visual biofeedback at three different levels (50 µV, 70 µV, 
and 90 µV) during testing.  Open circles outside the boxes are outliers.  
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Interaction Effects of SCM Activation Method and 
Feedback Condition for Perceived Difficulty Ratings 
 
 
Session 1     Session 2 
Figure 18.  Interaction plot of SCM activation method and feedback condition on perceived 
difficulty ratings. 
 
 
P1 and N1 Latency Measures 
 
VEMP recordings showed distinct P1 and N1 peaks on all subjects (Figures 19 and 20).  
The combined mean latencies of P1 and N1 for sessions 1 and 2 of experiment 1 were 14.23 
(1.1) and 21.8 (1.61), respectively.  Combined mean latencies of P1 and N1 for experiments 1 
and 2 were 14.52 and 22.76, respectively.   
There was a significant main effect of muscle activation pattern on P1 latency [F 
(1.99,45.7) = 5.16, p = .010] and N1 latency [F(2.53, 58.23) = 14.37, p = .000].  With the 
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exception of a significant difference between SE and SER (p = .041), SCM activation method had 
no effect on P1 latency (Figure 19).  In contrast, while P1 latency was significantly shorter with 
the SE when compared to the SER method of SCM activation (p = .041), N1 latency with the SE 
method significantly differed from all of other methods (p = .001 for SR, and SER, and p = .000 
for SitR).  Contrasts using Bonferroni’s adjustment for multiple comparisons revealed that there 
were no significant differences between sessions in P1 or N1 latency measures [ F(1.0, 23.0) = 
.077, p = .783 for P1 latency and  F(1.0, 23.0) = .014, p = .906 for N1 latency].  The mean P1 and 
N1 latencies are plotted as a function of SCM activation method and feedback condition in 
figures 19 and 20.    
There was also a significant main effect of feedback condition on latency measures for 
P1 [F(2.63, 60.41), p = .007, p = .008] and for N1 [F(1.66, 38.08) = 24.77, p = .000].  Contrasting 
results were observed regarding the effect of the various feedback conditions on P1 and N1 
latencies.  Post-hoc comparisons revealed a significantly shorter P1 latency at 90 µV than at 50 
µV, but no other significant differences in P1 latency were noted among any of the other 
feedback conditions.  Thus, with the exception of the difference between target levels of 50 µV 
and 90 µV, feedback condition had no effect on P1 latency (Table 5).  In contrast, N1 latencies 
significantly differed for all comparison feedback levels (NFB vs. 70 µV, p = .011; NFb vs. 90 µV, 
p = .000; 50 µV vs. 70 µV, p = .000; 50 µV vs. 90 µV, p = .000, and 70 µV vs. 90 µV, p = .006) 
except one.  No significant difference in N1 latency was observed between the no-feedback 
condition and a target level of 50 µV.  The N1 latencies were longest when subjects were tested 
without any visual biofeedback and became progressively shorter as EMG levels increased in 
intensity from target levels of 50 µV, 70 µV, and 90 µV.  Thus, while feedback condition did not 
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significantly affect P1 latency (with the exception of a significant difference between target 
levels of 50 and 90 µV, p = .007), significant differences were noted in N1 latency among all 
combinations of feedback except that between the NFB condition and a target level of 50 µV (p 
= 1.0).  Figures 19 and 20 show the P1 and N1 latencies, respectively, for each method of SCM 
activation in sessions 1 and 2 for experiment 1 (n = 48).  Although the difference in P1 and N1 
latency measures was small among the different methods of SCM activation, repeated 
measures ANOVA showed significant main effects of activation method (p = .01, p = .000, 
respectively)  and EMG feedback level (p = .007, p = .000, respectively).  The results of 
Bonferroni’s pairwise comparisons are shown in Table 5.   
 
Table 5.    
p Values for P1 and N1 Latencies Using the Four Different Methods without and with Feedback 
at Target Levels of 50µV, 70µV, and 90µV after Bonferroni’s  Post Hoc Comparisons for 
Experiment 1 
Effect of SCM Activation Method Effect of Feedback 
 P1 Latency N1 Latency  P1 Latency (µV) N1 Latency (µV) 
 SR SER SitR SR SER SitR  50 70 90 50 70 90 
SE  *  * * * NFB     * * 
SR       50    * * * * 
SER       70     * * * 
Key :  SE = supine elevation method, SR = supine rotation method, SER = supine elevation 
rotation method, SitR = sitting rotation method 
Asterisks indicate significant p values: * p < 0.05 
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Figure 19.  Boxplots of P1 latency as a function of method of SCM activation.  Each panel 
contains the data for a different feedback level.  The horizontal line represents the mean P1 
latency for each SCM activation method.  The lower boundary of each box indicates the 25th 
percentile and the upper boundary of each box indicates the 75th percentile.  The error bars 
above and below the box indicate the 90th and 10th percentiles, respectively.  Outliers are 
represented by open circles. 
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Figure 20.  Boxplots of N1 latency as a function of method of SCM activation.  Each panel 
contains the data for a different feedback level.  The horizontal line represents the mean N1 
latency for each SCM activation method.  The lower boundary of each box indicates the 25th 
percentile and the upper boundary of each box indicates the 75th percentile.  The error bars 
above and below the box indicate the 90th and 10th percentiles, respectively.  Outliers are 
represented by open circles. 
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A significant interaction effect was observed between SCM activation method and 
feedback condition for N1 latency (F(4.65, 107.01) = 5.49, p = 0.019].  There were no significant 
interaction effects between method of SCM activation and feedback condition for P1 latency.  
Although differences did not reach the level of significance for P1 latency, N1 latency became 
significantly shorter with each method of SCM activation as target EMG levels increased.  The 
N1 latency also tended to be shorter with the SE method across all feedback conditions.  N1 
latency was also disproportionately shorter with the SER method of SCM activation when 
subjects were not given any visual biofeedback to monitor the level of tonic SCM activity. 
There were no significant interaction effects between session and method of SCM 
activation for P1 or N1 latency, between session and feedback condition for P1 or N1 latency, 
between method of SCM activation and feedback condition for P1 latency, or among session, 
method of SCM activation, and feedback condition for P1 or N1 latency.  These results suggest 
that latency measures remained consistent across both sessions and all methods of SCM 
activation and target feedback levels (Figures 21 and 22).   
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Interaction Effects of SCM Activation Method and  
Feedback Condition for P1 latency 
                          
               Session 1                                Session 2 
Key:  SE: Supine Elevation, SR: Supine Rotation, SER: Supine Elevation Rotation, SitR: Sitting 
rotation, NFB: No feedback, 50 µV, 70 µV, 90 µV represent the three target biofeedback levels. 
Figure 21.  Interaction plot of mean P1 latency measures in milliseconds for all subjects showing 
the interaction of the four different SCM activation methods and four feedback conditions for 
sessions 1 and 2. 
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Interaction Effects of SCM Activation Method and  
Feedback Condition for N1 latency 
   
               Session 1                             Session 2 
Key:  SE: Supine Elevation, SR: Supine Rotation, SER: Supine Elevation Rotation, SitR: Sitting 
rotation, NFB: No feedback, 50 µV, 70 µV, 90 µV represent the three target biofeedback levels. 
Figure 22.  Interaction plot of mean N1 latency measures in milliseconds for all subjects 
showing the interaction of the four different SCM activation methods and four feedback 
conditions for sessions 1 and 2. 
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Experiment 1: Test-Retest Reliability 
To determine the test-retest reliability of VEMP amplitude, latency, EMG level, and self-
perceived difficulty ratings, subjects were tested at two intervals at least 1 week apart.  The 
means and standard deviations (SDs) of each variable for each test session are shown in tables 
1 through 4.  A Pearson Product-Moment Correlation coefficient was computed to assess the 
relationship between measures of amplitude, latency, SCM muscle activity levels, and difficulty 
ratings for sessions 1 and 2.  Pearson’s rs is widely used as a measure of the strength of linear 
dependence between two variables.  In our study Pearson’s rs was used to determine test-
retest reliability of each dependent variable.  Cohen (1992) has offered guidelines for 
interpreting the relative strength of a correlation based on r values, with those between .1 and 
.3 rated as small, between .3 and .5 as moderate, and between .5 and 1.0 as having strong 
correlative value as indicated by large r values.  Overall a high, positive linear regression was 
found (r ≥ 0.05) between sessions 1 and 2 for VEMP P1/N1 amplitude, P1 latency and N1 
latency for all conditions (muscle activation method and feedback condition).  Thus, VEMP 
recordings were reliable from one session to another.    
Tables 6 through 10 report the mean values, the correlations, and the p values of each 
dependent variable for each session. There was a positive correlation between the two sessions 
for all dependent variables.  The correlations calculated for the pairs of dependent variables in 
each SCM activation method under the different feedback conditions ranged from .445 to .868 
for P1/N1 amplitude measures, .406 to .814 for P1 latency, .361 to .858 for N1 latency, .041 to 
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.735 for mean rectified EMG values, and .390 to .831 for subject ratings of difficulty level.  A 
scatter plot summarizes the results for each set of dependent variables (Figures 23 through 27). 
P1/N1 Amplitudes 
There was a significant test-retest effect for P1/N1 amplitude measures with higher test-
retest reliability with all methods when subjects were provided visual biofeedback to monitor 
the level of SCM tonic contraction throughout testing.  The means, standard deviations (SD), 
and Pearson’s rs and p values are reported in Table 6.  A comparison of all methods of SCM 
activation and all feedback levels indicated that optimal target EMG levels varied depending 
upon method of SCM activation.  Amplitudes demonstrated the greatest variability between 
sessions when subjects were tested without visual biofeedback with the SER method, while the 
least variability between sessions was observed when subjects were tested with the SE and SitR 
methods at a target level of 50 µV and with the SER method at 70µV (Figure 23).  At a target 
level of 90 µV, the best reliability was observed with the SER method (r = .868, p = .000), at 70 
µV, reliability was better with the SER method (r = .854, p = .000), and at 50 µV the best 
reliability was observed with the SE and SitR methods (r = .822, p = .000).  When no visual 
biofeedback was provided in each of the four SCM activation methods, the SE method exhibited 
the highest reliability (r = .545, p = .006); this was followed in descending order by SitR (r = .531, 
p = .008), SR (r = .445, p = .029), and finally SER (r = .462, p = .023).  Bivariate plots of averaged 
scores for each method and feedback condition are shown in figure 23 with session 1 on the 
abscissa and session 2 on the ordinate.  The diagonal line represents equal P1/N1 amplitude 
measures for session 1 and session 2.  Overall, reliability was higher for amplitude when 
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subjects were provided visual biofeedback to control the level of tension in the SCM throughout 
testing. 
 
Table 6.   
Mean Values, Standard Deviations, Pearson’s rs Values, and p Values for P1/N1 Amplitude 
Measures.  
 SE NFB SR NFB SER NFB SitR NFB 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 141.59 132.23 155.81 137.78 464.31 378.52 161.32 121.87 
SD 83.18 56.42 124.2 94.25 201.23 190.89 94.02 82.6 
Pearson’s rs .545 .445 .462 .531 
p value .006 .029 .023 .008 
 
 SE 50µV SR 50 µV SER 50 µV SitR 50 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 174.17 173.53 168.02 181.59 204.66 217.62 170.95 167.4 
SD 94.82 109.08 83.95 119.57 95.95 130.62 79.18 80.66 
Pearson’s rs .788 .723 .814 .822 
p value .000 .000 .000 .000 
 
 SE 70µV SR 70 µV SER 70 µV SitR 70 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 222.44 215.5 229.99 275.61 297.3 297.58 249.28 244.34 
SD 139.89 147.99 105.97 193.96 137.47 177.59 114.31 124.68 
Pearson’s rs .780 .680 .854 .794 
p value .000 .000 .000 .000 
 
 SE 90µV SR 90 µV SER 90 µV SitR 90 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 287.17 271.34 318.11 349.09 385.25 381.83 321.99 285.64 
SD 201.3 189.65 153.14 208.7 155.64 239.06 167.81 143.14 
Pearson’s rs .868 .806 .660 .675 
p value .000 .000 .000 .000 
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Figure 23.  Bivariate plots of individual P1/N1 amplitudes in each SCM activation method 
(columns) and feedback condition (rows) for session 1 (abscissa) and session 2 (ordinate).  
Diagonal line represents equal amplitude values for both sessions.  Data points plotted above 
the line show subjects with greater amplitudes in session 2, and data points plotted below the 
line show subjects with greater amplitudes in session 1.   
 
 
 
 
NFB
NFB 
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P1 and N1 latencies 
Test-retest reliability was higher for N1 latency than for P1 latency.  The mean values, 
standard deviations (SD), and Pearson’s rs and p values for P1 and N1 latency are reported in 
Tables 7 and 8, respectively.  In contrast to P1/N1 amplitude, between session reliability was 
higher for P1 latency measures when subjects were not provided any visual biofeedback with 
the SitR (r = .814, p = .000), SER (r = .796, p = .000) and SR (r = .792, p = .000) methods but 
worse with the SE method (r = .406, p = .049).  When provided visual biofeedback, the highest 
reliability scores were obtained at a target level of 70 µV for SE (r = .812, p = .000), SER (.712, p 
= .000), SR (.693, p = .000), and SitR (r = .653, p = .001) and at a target level of 50 µV for SER (r = 
.692, p = .000).  The N1 latencies presented a different pattern with the highest reliability 
scores occurring in the presence of visual biofeedback.  The highest reliability for N1 latency 
was found at a target level of 50 µV with the SE, SitR, SER, and SR methods in descending order 
(SE: r = .858, p = .000; SitR: r = .844, p = .000; SER: r = .788, p = .000; SR: r = .727, p = .000).  The 
weakest reliability was observed in all four SCM activation methods when no feedback was 
provided (SER: r = .605, p = .002; SE: .552, p = .005; SitR: r = .409, p = .047; SR: r = .361, p = 
.083).  Bivariate plots of P1 and N1 latencies for each method of SCM activation and feedback 
condition are shown in figure 24 for P1 latency and figure 25 for N1 latency with session 1 on 
the abscissa and session 2 on the ordinate.  The diagonal line represents equal P1 and N1 
latency measures for session 1 and session 2. 
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Table 7.   
Mean Values, Standard Deviations, Pearson’s rs Values, and p Values for P1 Latency Measures.    
 SE NFB SR NFB SER NFB SitR NFB 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 14.22 13.85 14.12 14.15 14.05 13.93 14.83 14.25 
SD 1.16 1.03 .89 .97 .83 .89 .93 1.00 
Pearson’s rs .406 .792 .796 .814 
p value .049 .000 .000 .000 
 
 SE 50µV SR 50 µV SER 50 µV SitR 50 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 14.11 14.03 14.35 14.31 14.45 14.52 14.42 14.43 
SD 1.43 .92 .7 .87 1.19 1.18 .79 1.0 
Pearson’s rs .542 .448 .692 .466 
p value .006 .028 .000 .022 
 
 SE 70µV SR 70 µV SER 70 µV SitR 70 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 13.71 13.7 14.2 14.1 14.24 14.39 14.3 14.13 
SD 1.09 .98 .92 .76 1.21 1.12 .99 .79 
Pearson’s rs .812 .693 .712 .653 
p value .000 .000 .000 .001 
 
 SE 90µV SR 90 µV SER 90 µV SitR 90 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 13.66 13.53 14.02 14.15 14.2 14.26 14.06 14.17 
SD 1.15 1.2 .79 .78 1.15 1.03 .83 .78 
Pearson’s rs .648 .570 .684 .520 
p value .001 .004 .000 .009 
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Table 8.   
Mean Values, Standard Deviations, Pearson’s rs Values, and p Values for N1 Latency Measures.  
 SE NFB SR NFB SER NFB SitR NFB 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 21.8 21.7 22.47 22.55 21.38 21.63 22.66 22.49 
SD 1.2 1.27 2.19 2.04 1.24 1.43 1.96 2.16 
Pearson’s rs .552 .361 .605 .409 
p value .005 .083 .002 .047 
 
 SE 50µV SR 50 µV SER 50 µV SitR 50 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 21.59 21.37 22.42 22.19 22.33 22.57 22.56 22.52 
SD 1.3 1.45 1.45 1.69 1.39 1.62 1.34 1.36 
Pearson’s rs .858 .727 .788 .844 
p value .000 .000 .000 .000 
 
 SE 70µV SR 70 µV SER 70 µV SitR 70 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 20.91 21.08 21.74 21.5 21.91 21.99 21.89 21.96 
SD 1.21 1.31 1.39 1.48 1.44 1.56 1.16 1.21 
Pearson’s rs .606 .640 .771 .658 
p value .002 .001 .000 .000 
 
 SE 90µV SR 90 µV SER 90 µV SitR 90 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 20.6 20.53 21.78 21.4 21.56 21.77 21.7 21.85 
SD 1.3 1.6 1.23 1.34 1.28 1.41 1.08 1.3 
Pearson’s rs .783 .711 .729 .571 
p value .000 .000 .000 .004 
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Figure 24.  Bivariate plot of individual P1 latency measures in each SCM activation method 
(columns) and feedback condition (rows) for session 1 (abscissa) and session 2 (ordinate).  
Diagonal line represents equal amplitude values for both sessions.  Data points plotted above 
the line show subjects with longer P1 latencies in session 2, and data points plotted below the 
line show subjects with longer P1 latencies in session 1.   
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Figure 25.    Bivariate plot of individual N1 latency measures in each SCM activation method 
(columns) and feedback condition (rows) for session 1 (abscissa) and session 2 (ordinate).  
Diagonal line represents equal N1 latency values for both sessions.  Data points plotted above 
the line show subjects with longer N1 latencies in session 2, and data points plotted below the 
line show subjects with longer N1 latencies in session 1.   
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Mean Rectified EMG Values 
The test-retest reliability of subject ability to achieve and maintain the target EMG levels 
varied across methods of SCM activation and feedback conditions.  The means, standard 
deviations (SD), Pearson’s rs, and p values are presented in Table 9.  Test-retest reliability was 
significantly higher with all methods when subjects were provided visual FB.  Test positions and 
methods of SCM activation that exhibited the best reliability were:  SitR and SR at a target EMG 
level of 50 µV and SR at a target EMG level of 70 µV.  The weakest test-retest correlations were 
found for the SE method at a target level of 90µV and for the SER method at all target levels.  
Bivariate plots of averaged mean rectified EMG scores for each method of SCM activation, and 
feedback condition are shown in figure 26 with session 1 on the abscissa and session 2 on the 
ordinate.  The diagonal line represents equal mean rectified EMG values for session 1 and 
session 2.   The EMG data in the top row of panels show the SCM EMG levels for each method 
of SCM activation in the absence of visual feedback.  Note the higher level of scatter with each 
method compared to the lower panels representing each of the three different feedback 
conditions.  The high reliability with the SitR method at target levels of 50 µV and 70 µV and 
with the SR method at a target level of 50 µV can be readily appreciated.  The proximity of 
mean EMG data points to the diagonal line for each of the other conditions indicates that young 
people can clearly hit the target when given visual biofeedback to monitor the level of SCM 
activation. 
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Table 9.   
Mean Values, Standard Deviations, Pearson’s rs Values, and p Values for SCM Activity Levels in 
Sessions 1 and 2.    
 SE NFB SR NFB SER NFB SitR NFB 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 44.78 47.03 48.86 42.65 114.12 105.11 50.8 42.17 
SD 18.71 20.87 24.01 24.26 36.25 39.19 26.29 16.32 
Pearson’s rs .735 .683 .671 .422 
p value .000 .088 .000 .040 
 
 SE 50µV SR 50 µV SER 50 µV SitR 50 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 49.71 49.02 50.01 51.04 54.89 57.9 50.52 49.77 
SD 5.41 4.27 2.26 2.0 9.02 13.95 2.09 1.98 
Pearson’s rs .380 .421 .733 .388 
p value .067 .172 .073 .061 
 
 SE 70µV SR 70 µV SER 70 µV SitR 70 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 66.0 67.48 69.12 72.14 72.45 73.03 69.58 69.79 
SD 7.23 4.32 3.5 9.07 4.99 5.6 3.08 2.64 
Pearson’s rs .364 .250 .330 .474 
p value .080 .239 .116 .019 
 
 SE 90µV SR 90 µV SER 90 µV SitR 90 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 80.64 84.72 88.44 89.25 92.2 90.96 86.27 87.68 
SD 8.83 5.54 8.1 3.45 6.75 6.15 5.37 4.4 
Pearson’s rs .722 .041 .089 .702 
p value .000 .849 .680 .000 
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Figure 26.  Bivariate plot of individual mean rectified EMG measures in each of the four SCM 
activation methods (columns) and feedback conditions (rows) for session 1 (abscissa) and 
session 2 (ordinate).  Diagonal line represents equal EMG levels for both sessions.  Data points 
plotted above the line show subjects with higher EMG levels in session 2, and data points 
plotted below the line show subjects with higher EMG levels in session 1.   
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Self-Perceived Difficulty Ratings  
The mean values, standard deviations (SD), Pearson’s rs, and p values for the subject 
rating of difficulty level for each method of SCM activation and feedback condition in sessions 1 
and 2 are presented in Table 10.  The agreement between the test sessions was highest with 
the SR method at a target level of 70 µV (r = .831, p = .000), followed by the SER method at 90 
µV (r = .738, p = .000) and 50 µV (r = .647, p = .001).  Ratings for difficulty level for the SE 
method were higher for target levels of 90 µV (r = .661, p = .000) than at 70 µV (r = .570, p = 
.004) or 50 µV (r = .486, p = .016).  With regards to target EMG levels within each position and 
mode of SCM activation, subjects were most similar in their ratings with the SE method at 90 
µV (r = .661, p = .000), followed by 70 µV (r = .570, p = .004), NFB (r = .509, p = .011) and 50 µV 
(r = .486, p = .016); with the SR method highest reliability occurred at a target level of 70 µV (r = 
.831, p = .000), then 90 µV (r = .779, p = .000), 50 µV (r = .558, p = .005) and NFB (r = .390, p = 
.059); with the SER method highest reliability was at a target level of 90 µV (r = .738, p = .000), 
50µV (r = .647, p =.001), 70µV (r = .628, p = .001), and then NFB (r = .355, p = .089); with the 
SitR method subjects were more similar in their difficulty ratings when no biofeedback was 
provided (r = .548, p = .006), followed by 90 (r = .508, p = .011), 70µV (r = .501, p = .013), and 
then 50 µV (r = .457, p = .025).   Bivariate plots of averaged ratings for each method of SCM 
activation and feedback condition are shown in figure 27 with session 1 on the abscissa and 
session 2 on the ordinate.  The diagonal line represents equal difficulty ratings for session 1 and 
session 2. 
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Table 10.   
Mean Values, Standard Deviations, Pearson’s rs Values, and p Values for Difficulty Ratings.  
 SE NFB SR NFB SER NFB SitR NFB 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 3.17 2.46 .79 .77 3 2.31 .96 .67 
SD 1.52 1.55 .66 1.16 1.62 1.28 1.09 .70 
Pearson’s rs .509 .390 .355 .548 
p value .011 .059 .089 .006 
 
 SE 50µV SR 50 µV SER 50 µV SitR 50 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 4.40 3.75 2.71 2.73 3.5 2.94 2.79 2.42 
SD 1.91 2.27 1.59 2.13 1.62 1.77 1.85 1.55 
Pearson’s rs .486 .558 .647 .457 
p value .016 .005 .001 .025 
 
 SE 70µV SR 70 µV SER 70 µV SitR 70 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 5.44 4.88 3.58 3.54 4.17 3.21 3.92 3.48 
SD 2.23 2.37 2.16 2.34 1.49 1.79 2.16 1.85 
Pearson’s rs .570 .831 .628 .501 
p value .004 .000 .001 .013 
 
 SE 90µV SR 90 µV SER 90 µV SitR 90 µV 
 S1 S2 S1 S2 S1 S2 S1 S2 
Mean 6.5 6.15 4.58 4.33 4.9 4.42 4.67 4.42 
SD 2.37 2.66 2.33 2.32 1.89 2.22 2.22 2.33 
Pearson’s rs .661 .779 .738 .508 
p value .000 .000 .000 .011 
 
 
 
 
 
 
111 
 
 
Figure 27.  Bivariate plot of individual difficulty ratings for the supine elevation method of SCM 
activation for session 1 (abscissa) and session 2 (ordinate).  Diagonal line represents equal 
difficulty ratings for both sessions.  Data points plotted above the line show subjects who rated 
each SCM activation method and feedback condition as being more difficult in session 2, and 
data points plotted below the line show subjects who rated each SCM activation method and 
feedback condition as being more difficult in session 1.     
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Overall, there was a strong positive correlation between sessions 1 and 2 with strong 
correlations noted using the SE method for P1/N1 amplitude, P1 and N1 latencies, and rectified 
EMG.  The target EMG value that resulted in the highest test-retest correlation with the SE 
method was 90 µV for both P1/N1 amplitude and mean rectified EMG values, 70 µV for P1 
latency and 50 µV for N1 latency.  Unlike the above variables, subject ratings of difficulty were 
most consistent between sessions with the SR method.  Although the SE method demonstrated 
the highest test-retest reliability among the four methods, high correlation was found among 
most of the other methods as well.  Pearson’s rs values suggested high correlation between 
session 1 and 2 for amplitude when visual biofeedback was provided and moderate correlation 
when no visual biofeedback was provided.  High correlations were observed for P1 latency with 
all methods at target EMG levels of 70 µV and 90 µV, at a target EMG level of 50 µV for the SE 
and SER methods, and when tested without visual biofeedback in the SR, SER, and SitR 
methods.  Only moderate P1 latency correlations were noted for the SE method when no 
feedback was provided and for the SR and SitR methods at a target EMG level of 50 µV.  The N1 
latencies were highly correlated for all methods when visual biofeedback was provided at any 
of the three levels.  When no visual biofeedback was provided, N1 latencies were only 
moderately correlated for the SR and SitR methods.  Reliability was lower for the SCM EMG 
levels with all methods of SCM activation when subjects were tested in the absence of visual 
feedback.  For difficulty ratings, high correlations were found for all methods and at all target 
EMG levels with the exception of SR and SER without any visual biofeedback and SE and SitR at 
a target level of 50 µV.   
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Experiment 2:  Effect of SCM Activation Method on VEMP Asymmetry Ratio 
 
VEMP responses were recorded in an additional 24 subjects who underwent bilateral 
VEMP testing in each of the four SCM activation methods once with and once without visual 
feedback.  As an indicator of left-right variability, the interaural asymmetry ratio (IAR) for each 
method was computed using the following equation: 
IAR = │(L-R)/(L + R)│ * 100.   
In this equation, “L” represents the value of the amplitude in µV on the left side and “R” 
represents the value of the amplitude in µV on the right side.  The differences among the IAR 
values using the four different SCM activation methods under each of the feedback conditions 
(with and without visual biofeedback) were analyzed by means of a repeated measures 
analysis.  The means and standard deviations of the IAE were recorded for each method of SCM 
activation under both feedback conditions (Table 11). 
Table 11.   
 
Mean ± SD for each IAR Value as a Function of Method of SCM Activation.  Values Represent 
Data (n=24) when Tested without Visual Feedback and with Visual Feedback at a Target Level of 
50µV with the SE, SR, and SitR Methods and 70µV with the SER Method of SCM Activation.  
 
Method of SCM 
muscle 
activation 
Asymmetry Ratio 
No Feedback Feedback 
SE 11.93±12.47 11.34±9.62 
SR 18.85±12.6 14.2±14.3 
SER 16.43±13.44 16.29±12.31 
SitR 18.07±10.52 13.94±11.92 
                      SE = supine elevation, SR = supine rotation , SER = Supine elevation  
                      rotation, SitR = sitting rotation 
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Mean IAR are plotted as a function of SCM activation method in figure 28.  The first 
boxplot in each panel represents the IAR when testing was performed under the no-feedback 
condition.  The second box plot of each panel represents the IAR when subjects were provided 
visual biofeedback to assist in maintaining the EMG at a constant target EMG level (50 µV for 
the SE, SR, and SitR methods and 70 µV for the SitR method).  No statistically significant 
differences were found in IAR values (p = 0.16) among the four methods of SCM activation.  The 
IAR values did not differ significantly between the two feedback conditions (NFB vs. FB) (p = 
0.27).  There was no significant interaction effect of method of SCM activation and feedback 
condition (p = 0.59).  Although the differences did not reach statistical significance, the IAR 
were similar between no-feedback and feedback conditions with the SE and SER methods.  It is 
interesting to note that although the differences did not reach the level of significance, 
asymmetry ratios were lowest with the SE method of SCM activation both with and without 
visual feedback.  When subjects were provided a means of monitoring the level of SCM 
contraction (visual feedback), asymmetry ratios were noted to improve with the SR and SitR 
method, while they remained high with the SER method of SCM activation under both sets of 
feedback conditions.  Thus, while visual feedback was effective in lowering the asymmetry ratio 
with the SR and SitR, the presence of feedback did not seem to make much difference with the 
SE and SER methods.   
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Figure 28.   Boxplots of asymmetry ratio values as a function of feedback condition.  Each panel 
contains the data for a different SCM activation method.  The horizontal line represents the 
mean asymmetry ratio for each SCM activation method.  The lower boundary of each box 
indicates the 25th percentile and the upper boundary of each box indicates the 75th percentile.  
The error bars above and below the box indicate the 90th and 10th percentiles, respectively.  
Outliers are represented by open circles. 
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CHAPTER 5 
DISCUSSION 
The vestibular evoked myogenic potential (VEMP) test is a relatively new clinical tool 
with significant diagnostic value.  VEMP testing has been shown to have merit in the diagnosis 
of various conditions including Meniere’s disease (de Waele et al., 1999; Ohki et al., 2002), 
acoustic neuromas (Murofushi et al., 1998; Tsutsumi, Komatsuzaki, Noguchi, Tokano, & 
Kitamura, 2001), perilympathic fistula, vestibular neuritis, (Halmagyi et al., 2002; Murofushi, 
Curthoys, & Topple, 1995), superior semicircular canal dehiscence, multiple sclerosis (Bandini et 
al., 2004; Versino et al., 2002), and other vestibular lesions.  In spite of the increased interest in 
the VEMP and its augmented use in clinics across the world, there is currently no 
standardization regarding the most valid and reliable test protocol.  While recording techniques 
are fairly consistent from clinic to clinic, various modes of stimulation, methods of monitoring 
tonic muscular activity in the SCM, and muscle activation patterns are used to elicit the VEMP.  
The goal of the present study was to compare the effects of four different methods of SCM 
activation and visual biofeedback on VEMP latency, amplitude, asymmetry ratio, and EMG level 
in healthy subjects.  A further goal was to determine the effect of SCM muscle activation 
method on test-retest reliability of the VEMP.  Previously, the effects of method of SCM 
activation (Isaacson et al., 2006; Wang & Young, 2006) and target EMG levels (Akin et al., 2004) 
have been considered independently.  Consideration of the potential interactions of these 
factors may assist in further clarification of factors that affect the VEMP response.  The first part 
of this chapter discusses the effect of position and mode of muscle contraction on VEMP 
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amplitude, latency, and EMG level.  Finally, the interaction effects of both SCM activation 
method and the influence of biofeedback on test-retest reliability are discussed. 
A general consensus exists in the literature that the P1/N1 amplitude increases in 
proportion to the tonic EMG activity (Akin et al., 2004; Colebatch et al., 1994; Lim et al., 1995; 
Ochi et al., 2001) and with increasing stimulus level (Akin et al., 2003; Lim et al., 1995).  Direct 
comparisons of P1/N1 amplitudes are made difficult by the wide variability that exists among 
studies in stimuli used (air- or bone-conducted tone bursts, clicks, forehead taps, and galvanic 
stimulation), test position (supine, sitting, and prone), location of the surface recording 
electrodes, and in the method of monitoring SCM EMG levels throughout recording.  In addition 
to these differences in recording techniques, P1/N1 amplitude measures are presented in 
different ways.  Amplitude measures can be presented as absolute values, as done in the 
current study, or as corrected amplitude measures by dividing raw amplitude values by the 
amplitude of the EMG in order to correct for varying EMG levels throughout recording.  Thus, 
each of these factors should be taken into consideration when comparing the results of 
different studies. 
 
Effect of Visual Biofeedback on EMG Levels 
Because the evoked response is recorded from a tonically contracted SCM muscle, 
VEMP testing requires that patients have voluntary control of their SCM muscles on both sides.  
Due to its two points of distal attachment (a short head attaching on the superior, anterior 
surface of the clavicle and a long head on the manubrium of the sternum) the SCM muscle is 
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capable of a complex, multidirectional pattern of movement.  Both long and short heads attach 
to the lateral aspect of the mastoid process and to the occiput along the lateral half of the 
superior nuchal line.  Through these attachments, the SCM exerts a strong influence on 
movements of the head.  Acting bilaterally, the SCM flexes the head and neck causing flexion of 
the lower cervical spine and extension of the upper cervical spine.  Acting unilaterally, the SCM 
causes a combined motion of lateral flexion toward the ipsilateral side and rotation toward the 
contralateral side.  It is important to note that during performance of each of these movements 
the SCM works in conjunction with many smaller muscles.   
Because response amplitude is dependent upon the magnitude of tension in the SCM 
muscle, one of the aims of our study was to evaluate differences in ability to reliably attain and 
maintain mean rectified EMG at a constant level throughout recording when using different 
methods of SCM activation (supine vs. sitting position, unilateral vs. bilateral contraction).  The 
ability to achieve and maintain target SCM EMG levels is crucial in terms of the stability and 
reliability of latency, amplitude, and threshold measures.  Further, clinical interpretation of the 
VEMP focuses to a large extent on interaural differences in amplitude and threshold measures.  
Previous studies have evaluated the effect of various head positions and mode of stimulation 
(binaural vs. monaural) on the VEMP response (Eleftheriadou et al., 2008; Isaacson et al., 2006; 
Wang & Young, 2006).  This is the first study to systematically evaluate VEMP responses using 
four different methods of SCM muscle activation under varying feedback conditions (without 
and with feedback at three different levels of SCM EMG activity).  During the feedback 
conditions the amount of tension in the muscle is presented to the subject in visual display 
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using a line graph.  This provides a simple, straightforward means of determining appropriate 
movements for developing optimal levels of tension with efficient, visible, and objective results.   
In addition to having sufficient range of head and neck motion to allow movement to 
the point at which the muscle functions most efficiently, sufficient strength and motor control 
are needed to develop and maintain isometric tension in the SCM throughout the recording 
procedure.  A number of different methods are currently used to assist patients in maintaining 
appropriate levels of muscular tension.  These methods include pushing against a force plate on 
the forehead while lifting the head from a supine position (Versino, Colnaghi, Calliero, & Cosi, 
2001), squeezing the sphygmamometer of a blood pressure cuff between the chin and shoulder 
while rotating the head toward the contralateral side (Maes et al., 2009), and use of visual 
feedback via an oscilloscope displaying the current and target levels of tonic muscle contraction 
(Akin & Murnane, 2001).  The last method has the advantage of being adaptable to different 
test positions and SCM activation patterns.  The use of feedback serves an additional purpose in 
that it encourages patients to become actively engaged in the test procedure, providing them a 
sense of control.  Further, when patients feel as though they are active participants rather than 
passive recipients of a procedure, motivation and attention are likely to improve. 
Biofeedback lets patients know when they are changing the level of tension in the SCM, 
thus assisting them in maintaining a fairly consistent isometric contraction that remains as close 
to the target level as possible.  Whereas the subjects of our study experienced difficulty 
developing sufficient tension to achieve target values with the SE method, the reverse was true 
with the SER method where subjects, in general, experienced difficulty preventing the EMG 
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activity from rising above each target level during recording of the VEMP.  Thus, the SER 
method may be a good choice for those patients who are unable to generate sufficient tension 
in the SCM muscle to elicit the VEMP with other methods.  This might also help prevent false 
positives from occurring in very young individuals or in the presence of decreased muscle mass.  
When using the SER method it appears that a target level of 70 µV or 90 µV is the best choice 
for minimizing side to side differences in SCM activity during recording.  In contrast, during 
testing with the SE method a target level of 50 µV would appear to be most appropriate.  While 
most subjects were able to hover closely around the target level in the SE, SR, and SitR 
methods, there were fewer outliers with the SitR method suggesting that most of them were 
able to achieve and maintain the target levels with the SitR method better than with any of the 
other three methods.   
A notable observation is that there seemed to be a fairly large variability in SCM EMG 
activity throughout each set of waveforms as subjects attempted to achieve and maintain all 
target EMG levels with the SE method.  This suggests that subjects experienced more difficulty 
controlling the level of tension in the muscle during binaural stimulation and bilateral SCM 
activation in the supine position.  The SitR method demonstrated the least variability in SCM 
EMG activity throughout recording of each set of waveforms at all target levels.  Thus, with 
regard to the subject’s ability to achieve and maintain a fairly constant EMG level throughout 
recording of the VEMP, the SitR method at a target level of 50µV appeared to be most 
consistent followed by the SitR method at a target level of 70µV and the SR method at a target 
level of 50µV.  When using the SE method it is important to note that many subjects experience 
difficulty developing sufficient tension in the muscle to achieve a target level of 70µV or above.  
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Because it is likely that a lack of sustained tension in the SCM will adversely affect the response 
amplitude, future studies comparing variations in EMG activity levels throughout recording in 
males vs. females as well as subjects of different ages are warranted.  
 
Effect of SCM Muscle Activation Method and Feedback Condition on Amplitude Measures 
  When subjects were provided visual biofeedback to monitor the level of tension in the 
SCM, P1/N1 amplitude increased significantly and in proportion to the mean rectified EMG level 
with each method of SCM activation.  This scaling of the response has been noted in previous 
studies (Akin et al., 2004; Ochi et al., 2001).  Testing without visual biofeedback produced mean 
P1/N1 amplitudes of 464.3 and 378.5 in sessions 1 and 2, respectively, with the SER method.  
These values were significantly higher than those obtained with the other three methods, 
which ranged from 121.9 to 161.3 µV, with the SE method producing the smallest amplitude 
and the SitR method producing the largest amplitude responses.  Thus, although the higher 
P1/N1 amplitudes were directly proportional to the higher level of tonic SCM muscle activity 
with the SER method, the magnitude of the response in terms of both amplitude and tonic EMG 
level was significantly and disproportionately higher with the SER method under the feedback 
condition when compared to each of the other methods.  When subjects were provided visual 
biofeedback a similar pattern was observed, with the SE method producing the smallest and 
the SER method producing the largest amplitude response at each target level.  Although 
amplitude differences among the SE, SR, and SitR methods did not reach the level of 
significance, the larger amplitude responses with the SitR method compared to the SE and SR 
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methods without as well as with visual biofeedback suggest that the SCM muscle may function 
optimally in the sitting position.  Furthermore, there was less variability in individual amplitude 
measures with the SitR method under each of the four feedback conditions.    
Wang and Young (2006) observed significantly smaller amplitudes using the SR method 
compared to the SE method when subjects were provided a means of electromyographically 
monitoring the level of muscular contraction.  In contrast, we found no significant differences in 
amplitude measures between these two methods when subjects were tested with or without 
visual biofeedback.  The significantly higher mean rectified EMG levels and correspondingly 
higher VEMP amplitudes noted with the SER method in all feedback conditions suggests that 
the SER method may be useful for patients who experience difficulty developing tension in the 
SCM muscle.   
In contrast to findings by Isaacson et al. (2006) where statistically significant increased 
P1/N1 amplitudes and SCM EMG levels were found in the supine with head turned when 
compared to the supine elevation and sitting rotation methods, we found no significant 
differences in amplitude or EMG measures between any of these methods.  The results of our 
study did, however, confirm that the SER method elicited significantly greater P1/N1 
amplitudes and SCM EMG levels than the other three methods.  Methodological differences 
between these two studies may help explain the apparent conflicting results.  While both 
studies used monaural stimulation and ipsilateral recording methods, the subjects in our study 
were prevented from lifting the head off the support surface during the SR method of testing, 
whereas Isaacson allowed his subjects to raise the head off the support surface, thus rendering 
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the SR method of his study more similar to the SER method of ours.  Because the function of 
the SCM is to laterally flex as well as rotate the head, the full action of the SCM may have been 
limited in our subjects when tested with the SR method.  Mean rectified EMG values may not 
have represented a pure SCM contraction, with neighboring synergistic muscles contributing to 
the EMG amplitude through cross talk.  Because amplitude is proportional to the level of tonic 
EMG activation in the SCM, the amplitude with the SR method in our study would have been 
correspondingly lower than that with the SR method in Isaacson’s (2006) study.  It was during 
the SER method that our subjects were allowed to raise their head off the support surface.  This 
allowed lateral flexion as well as rotation of the neck to occur, more accurately reflecting the 
complete function of the SCM.  Thus, in light of the similarities between the SR method as 
implemented by Isaacson and the SER method as implemented in our study, the findings of 
these two studies may be in close agreement.    
The smaller amplitudes observed in our study when subjects were tested with the SE 
method are in contrast to those observed in this position by others (Versino et al., 2001; Wang 
& Young, 2006).  Versino et al. (2001) observed shorter latencies and larger amplitude 
responses following bilateral activation and binaural stimulation (equivalent to SE method of 
our study) than with unilateral SCM activation and unilateral stimulation (equivalent to SitR 
method of our study).  It is possible that the SCM activation wasn’t maintained in a symmetrical 
or constant manner throughout testing with the SE method for our subjects.  Due to equipment 
constraints, our subjects received feedback regarding levels of tension in the SCM from only 
one side.  This may have led to asymmetries in EMG activity between the two sides, resulting in 
fluctuating levels of tension during recording.  Pushing against a centrally positioned load cell, 
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the subjects in Versino’s (2001) study may have been more successful in maintaining a steady 
midline head position.  Further study using a biofeedback method in which subjects were able 
to receive simultaneous information regarding activity levels in both SCM or a method of 
ensuring movement into neck flexion only (without lateral flexion or rotation) during bilateral 
activation and binaural stimulation may help resolve these differences. 
It is possible that the SE method requires a greater amount of overall muscular effort as 
subjects must maintain the head and neck in a position against gravity, thus supporting the 
weight of the head while contracting both SCM simultaneously.  Further, additional trunk 
musculature is recruited in order to provide stabilization in light of the changing relationship 
between the trunk and head with respect to gravity.  Fatigue in this position could have led to 
fluctuating EMG levels due to a combination of involuntary movement of the head and inability 
to sustain a constant level of muscular contraction.  Each of these factors would be expected to 
decrease the signal-to-noise ratio of the response and negatively effect waveform propagation.  
Subjects did in fact experience significantly more difficulty achieving and maintaining target 
EMG levels with the SE method at all levels when compared to all the other methods.  Although 
the placement of the ground electrode on the subject’s forehead as done in our study renders 
it further displaced from the SCM than the sternum as has been done in previous studies, the 
possibility of artifact due to volume conduction and subsequent cross talk remains an 
important consideration (Li et al., 1999).  A comparison of the relative amplitudes of VEMPs 
elicited with each SCM activation method at the three different target EMG levels (50, 70, and 
90 µV) revealed similar values among the four methods at 50 µV.  While amplitudes increased 
proportionately relative to the tonic level of muscular contraction at 70 and 90 µV with the SR, 
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SER, and SitR methods, a similar increase was not noted with the SE method in spite of 
correspondingly higher tonic EMG levels.  This is compatible with recent reports and may be 
due to a combination of factors including a role of fatigue as well as contamination by 
‘crossover’ inverted waveforms.  When subtracted from the contralateral VEMPs these 
waveforms would be expected to result in smaller P1/N1 amplitudes on each side with the SE 
method (Sato et al., 1997).  
 
Effect of SCM Muscle Activation Method and Feedback Condition on Perceived Difficulty Ratings 
In order to make these results most clinically useful, it is important to consider the 
P1/N1 amplitude differences in light of the subject’s ability to maintain target EMG levels as 
well as the perceived difficulty and discomfort felt with each method.  The subject’s perceived 
difficulty and comfort level with each SCM activation method have important implications for 
testing because patient compliance and effort is necessary for reliable recording of the VEMP.  
Perceived difficulty reflects mainly the amount of effort required to achieve and maintain the 
target level or test position with each of the four SCM activation methods.  When tested 
without visual biofeedback, the perceived difficulty reflects the amount of effort required to 
maintain the test position throughout recording.  When given a visual target for a specific level 
of tension, subjects additionally rated the ease of achieving and maintaining each target level. 
In obtaining information regarding perceived difficulty of each SCM activation method, our 
hope was to determine if inter-individual differences existed, consistency of ratings across test 
sessions and to provide evidence for a possible link between the psychophysical aspects of the 
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procedures and the response parameters by relating perceived difficulty to motivation and 
attention to task.   
Many studies have demonstrated that visual analogue scales are valid and reliable tools 
to measure subjective sensations of dyspnea (Wilson & Jones, 1989), perceived exertion in 
individuals undergoing cardiovascular assessment (Wallbom, Geisser, Haig, Yamakawa, & 
Montgomery, 2002), and sensation of seated pressure intensity and discomfort in normal 
subjects (Shen & Parsons, 1997).  When tested without any visual biofeedback, difficulty ratings 
ranged from .78 to 2.81, with the least difficulty and greatest comfort experienced with the SR 
and SitR methods and the greatest difficulty and least comfort experienced with the SER 
method followed by the SE method.  At a target level of 50µV, difficulty ratings ranged from 2.6 
to 4.0 with the least difficulty and greatest comfort experienced with the SitR activation 
method and the greatest difficulty and least comfort experienced with the SE activation 
method.  At a target level of 70µV difficulty ratings ranged from 3.56 to 5.16, with the least 
difficulty and greatest comfort experienced with the SR activation method and the greatest 
difficulty and least comfort experienced with the SE activation method.  At a target level of 
90µV difficulty ratings ranged from 4.46 to 6.32, with the least difficulty and greatest comfort 
experienced with the SR method and the greatest difficulty and least comfort experienced in 
the SE method.  Thus, subjects rated the SE and SER methods as the most difficult when tested 
both without and with visual biofeedback.  The SE method was rated the most difficult at all 
target EMG levels with difficulty level increasing as the target EMG level increased.  
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Information about body position is mediated by numerous structures and central 
nervous system pathways.  These include the vestibular, visual, joint, muscular, and skin 
receptors located throughout the body.  Each of these, through multisynaptic pathways, can 
ultimately influence the excitatory state of the motor neuron pool to any muscle (de Mayo et 
al., 2005).  Thus, labyrinthine reflexes acting differently in the supine vs. the sitting position, 
changing visual orientation, joint receptors responding to changing relationships between the 
trunk, hips, and knees, muscle receptors responding to varying lengths of muscles in the 
different positions, and skin receptors responding to different points of contact with the 
support surface may all play some role in the modulation of the motor neuron pool of the SCM 
muscles in different body positions.  Although the mechanisms responsible for differences in 
force production of various muscles in different positions is unclear, several investigators have 
reported effects of body position on both isometric as well as concentric peak torque values 
(Figoni, Christ, & Massey, 1988; Gordon, Huxley, & Julian, 1986; Lunnen, Yack, & Leaveau, 
1981).  Maximal force production has been shown to occur in the hamstring muscles when 
subjects are tested in the prone position when compared to the supine position (Worrell, 
Denegar, Armstrong, & Perrin, 1990).  A similar phenomenon has been observed in other 
muscles.  For example, the diaphragm exhibits greater contractile effort and excursion in the 
supine position than in the upright position (Badr, Elkins, & Ellis, 2002).  Druz and Sharp (1981) 
demonstrated that the accessory muscles of inspiration, which include the SCM, function 
optimally in the upright position when compared to the supine position.  Thus, even though 
P1/N1 amplitudes and SCM EMG activity were higher with the SER method, it is possible that 
the sitting head rotation method results in a comparatively higher facilitatory bias on the motor 
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neuron pool of the SCM muscle, thus maximizing efficiency with the least amount of patient 
effort.  If this is indeed the case, the lower perceived difficulty rating with the SitR method may 
have reflected improved contractile efficiency of the SCM muscle with the SitR method.  Future 
studies assessing myoelectric fatigue of the SCM muscle using each of the four methods of SCM 
activation of this study will provide greater insights into this possibility.   
The contractile ability of the SCM may also be enhanced in the upright seated position 
due to more optimal length tension relationships than those permitted in the supine position.  
The amount of lower cervical extension would be minimized in the supine position through 
contact with the support surface, whereas the normal curves of the cervical spine are 
maintained in the sitting position, effectively placing the muscle in a more lengthened starting 
position.  Such enhanced length tension relationships might allow for development of greater 
muscular tension with less strain on the cervical spine than that generated in the supine 
position.  There may also be differences in background motor unit activity in the supine position 
that relate to the influence of tonic neck reflexes.  In the SE method subjects must overcome 
the extension imposed by the tonic labyrinthine reflex, whereas the effect of this reflex is 
minimized in the sitting position.  Furthermore, tonic labyrinthine reflex activity in the supine 
position might impose an extensor bias on the SCM motor neuron pool resulting in the need for 
additional cortical input to initiate and maintain SCM contraction.  Thus, the lower SCM EMG 
activity and associated lower P1/N1 amplitudes with the SE method may have been, at least in 
part, influenced by an extensor bias that effectively altered the membrane surface potential of 
the SCM motor neurons.  Others have suggested that the lower amplitudes with the SE method 
of SCM activation may relate to the possibility that lower levels of tension are required to raise 
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the head forward from the support surface because two muscles are sharing the load (Isaacson, 
2006).  Additional factors that may have contributed to the lower amplitude responses with the 
SE method include synergistic activity in neck flexors deep to the SCM muscle.  Because the 
SCM works in conjunction with many smaller muscles during neck flexion, at least some of the 
muscular forces used to support the head and neck when raised from the supine position could 
have originated from these nearby synergistic muscles resulting in the need for even lower 
levels of actual SCM muscle tension.  Finally, the SCM is a rather thin muscle; thus in individuals 
with limited bulk the electrodes necessarily become located toward the lateral edge of the 
muscle further contributing to a potential to lose direct contact with the surface of the muscle 
or for cross talk.  Overall, these findings suggest that the sitting position may be the best choice 
for patients with weakness of the SCM or when a means of providing biofeedback regarding the 
actual SCM EMG level is unavailable to the patient during testing.  
 
Effect of SCM Muscle Activation Method and Feedback Condition on Asymmetry Measures 
Asymmetries in amplitude between the right and left ears are clinically useful in 
identifying the likely side of involvement in the presence of vestibular pathology, with a 
difference of ≥ 40% being indicative of vestibular pathology.  No significant ear effect was 
observed in P1/N1 amplitude measures in the present study.   Mean asymmetry ratios ranged 
from 11.93 to 18.85 when subjects were tested without any visual feedback.  When subjects 
were provided a means of monitoring SCM EMG activity, mean asymmetry ratios ranged from 
11.39 to 16.29.  Because the differences did not reach the level of significance, the presence of 
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feedback had little effect on amplitude symmetry measures with the SE and SER methods.  
These results suggest that subjects were able to maintain similar SCM EMG levels throughout 
recording of the VEMP with these two methods.  In contrast, asymmetry ratios varied between 
the FB and NFB conditions when subjects were tested with the SR and SitR methods.  Higher 
amplitude asymmetry ratios were observed with the SR and SitR methods when subjects were 
not provided feedback to monitor SCM contraction levels.  While these differences were not 
statistically significant, they may be clinically significant.  Providing the subject visual 
biofeedback to monitor EMG levels during VEMP recording appears to be especially important 
for maximizing the symmetry of the waveforms from both ears when using the SR and SitR 
methods.  If no self-monitoring equipment is available to the patient, it is important to calculate 
a corrected VEMP amplitude by dividing the P1/N1 amplitude by the mean rectified EMG level 
of a 20 msec prestimulus baseline (Colebatch et al., 1994).  It is interesting to note that 
although raw amplitude measures were lower with the SE method, the interaural differences in 
amplitude were lowest, suggesting that subjects were able to maintain equal levels of tension 
while contracting both SCM.   
Looking at individual asymmetry ratios a wide range of values was noted, with one or 
two individuals falling outside the range of normal with each method of SCM activation.  For 
example, even when provided visual feedback to monitor EMG levels, one or two subjects 
exhibited R/L amplitude differences that resulted in asymmetry ratios > 40 (36.97 with the SE 
method, 54.6 with the SR method, 47.91 with the SER method, and 49.2 with the SitR method).  
Because none of our subjects had a history of prior or current vestibular pathology, other 
explanations for these outliers must be sought.  Fatigue may have played a role in some of 
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these values.  Wang and Young (2006) demonstrated a potential role of fatigue in VEMP 
amplitude measures after examining ipsilateral VEMP responses following monaural 
stimulation using an alternating test sequence between the SR and SE methods.  When subjects 
were first tested using the SE elevation method and then the SR method, amplitudes were 
significantly higher with the SE method when compared to the SR method.  However, when the 
order of testing was reversed, amplitudes did not significantly differ.  The order of testing in our 
study was completely randomized.  Thus, although we cannot determine its significance, 
fatigue may have played a role in some of the outliers noted with regard to IAR.  Further studies 
are indicated with an ordered and systematic sequencing of SCM activation methods in order to 
accurately demonstrate an effect of fatigue.  
Wang and Young (2003) suggested that binaural acoustic stimulation using the SE 
method can decrease test time, thus minimizing the effect of fatigue from repeated trials.  In 
our study however, subjects rated the SE method at a higher level of difficulty than any of the 
other methods, with difficulty ratings increasing as target levels increased.  Subjects were able 
to achieve target levels of 50µV using the SE method, but experienced difficulty developing 
sufficient muscle tension in both SCM to reach target levels of 70 and 90µV.  It is possible, as 
suggested by Isaacson et al. (2006), that the SE method actually requires a lower level of 
tension in the SCM because both SCM are used to maintain the head in a raised position.  Our 
results corroborate this assumption.  Even though we were only able to display mean rectified 
EMG values in the SCM on one side, recorded EMG activity levels were consistently lower using 
the SE method whether visual biofeedback was provided or not.  Thus, many of our normal 
subjects experienced greater difficulty developing and maintaining isometric tension during 
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bilateral activation of the SCM in the supine position.  In contrast to difficulty in developing 
sufficient tension to achieve target levels with the SE method, subjects experienced difficulty 
maintaining levels of tension below target levels with the SER method.  When subjects were 
tested without any visual biofeedback, the SER method resulted in the highest level of tonic 
EMG activity (114.12µV and 105.11µV), whereas the levels of tonic activity using each of the 
other three methods were more equivalent, with a range of from 42.17 to 50.8 µV.  Thus, 
subjects experienced the highest levels of discomfort and difficulty when tested with the SE and 
SER activation methods.   
Although the differences in P1/N1 amplitude were not significant when those with the 
SE method were compared with both the SR and SitR methods, the amplitudes at target levels 
of 70 and 90µV were consistently lower with the SE method.  Thus, difficulties in achieving the 
target level may have influenced P1/N1 values.  Subject discomfort combined with greater 
effort may have led to fluctuating EMG levels, contributing to the lower P1/N1 amplitudes 
observed at target levels of 70 and 90µV during testing using the SE method.  Further, bilateral 
VEMPs were not consistently elicited with the SE method; in three of our subjects 1 or 2 
additional trials were necessary to elicit a VEMP.  It is possible that some of the difficulty in 
acquiring VEMP responses with the SE method may have related to the difficulty many subjects 
experienced in achieving the target EMG levels.  As the examiner watched the level of SCM 
EMG activity represented on the oscilloscope screen throughout testing it was also noted to be 
associated with a great deal of fluctuation as subjects attempted to reach the target.  Because 
greater effort seems to be involved in this method, consideration should be given to 
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appropriate patient selection prior to using a binaural stimulation-bilateral recording testing 
mode.  
Bilateral activation of the SCM from the supine position places greater neuromuscular 
and physiological demands on the patient.  All of our normal subjects rated the SE method at a 
higher level of difficulty than either the SR or SitR methods.  In debilitated patients, young 
children, elderly adults, or patients with associated comorbidities such as multiple sclerosis, 
cerebellar dysfunction, or basal ganglia disorders, lifting and maintaining the head in a raised 
position while supine is likely to be difficult.  Further, isometric contraction of the abdominal 
musculature is necessary to provide stabilization for head elevation in the supine position.  The 
subsequent increase in intrathoracic pressure can reduce venous return to the heart, leading to 
alterations in breathing patterns.  While this may have contributed to the perceived discomfort 
many of our healthy subjects experienced with this method, it is especially important to 
consider in patients with a history of cardiovascular problems.  For these patients monaural-
ipsilateral simulation with the SitR method can be used due its greater comfort levels and 
reduced muscular effort.  Thus, monaural-ipsilateral recording in the sitting position is likely to 
be the best position for patients with diminished physiological status.   
Different factors contribute to comfort levels, ability to maintain tonic levels of muscular 
contraction, and subsequent patient compliance with each method.  An inability to maintain 
muscle tension throughout recording affects the parameters of the response and perhaps even 
lead to false positive findings.  The subjects in our study rated the SitR and SR methods similarly 
and at a lower level of difficulty than either the SE or the SER methods of SCM activation.  The 
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SE method was rated by subjects as the most difficult at each of the three target levels, with 
difficulty ratings increasing as the target EMG level increased.  Thus, while the SE method 
requires half the time of two monaural recordings, our results suggest that this method is more 
likely to result in earlier fatigue than that experienced during monaural recordings.   
 
Effect of SCM Muscle Activation Method and Feedback Condition on Latency Measures 
P1 Latency 
In the present study, when subjects were tested without visual biofeedback, mean P1 
latency averaged across both sessions ranged from 13.6 msec to 14.49 msec, with the SE and 
SER methods of SCM activation producing the shortest latencies and the SR and SitR methods 
producing the longest latencies.  N1 latency ranged from 21.5 msec to 22.58 msec, with the SER 
method producing the shortest latency and the SitR method producing the longest latency.  
When subjects were provided visual biofeedback to maintain SCM tension at target levels of 
50µV, 70µV, and 90µV, P1 latencies tended to shorten as the level of tension in the SCM 
increased.  At a target level of 50µV, mean P1 latency averaged across both sessions ranged 
from 14.07 to 14.49 with the SE method producing the shortest latency and the SitR method 
producing the longest latency.  At a target level of 70µV, mean P1 latencies ranged from 
13.71µV to 14.31µV with the SE method producing the shortest latency and the SitR method 
producing the longest latency.  A similar pattern was observed at a target level of 90µV at 
which mean P1 latency ranged from 13.6µV to 14.23µV, with the SE method again producing 
the shortest latency and the SitR method producing the longest latency.  With the exception of 
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a significant difference in P1 latency at a target level of 50µV compared to 90µV and between 
the SE and SER methods, neither SCM activation method nor target EMG level had a significant 
effect on P1 latency.  It is interesting to note that the methods requiring SCM activation against 
gravity demonstrated the shortest latencies.  The shorter P1 latencies with the SE and SER 
methods also correlated with maintenance of higher SCM EMG levels during recording of the 
VEMP. 
N1 Latency 
In the presence of visual biofeedback N1 latencies demonstrated a similar trend to that 
observed with EMG levels and P1/N1 amplitude measures.  As the level of SCM tension 
increased, latencies were noted to become shorter.  At a target level of 50µV, mean N1 latency 
averaged across both sessions ranged from 21.48 msec to 22.54 msec, at 70µV mean N1 
latency ranged from 21 msec to 21.95 msec, and at 90µV mean N1 latency ranged from 20.56 
msec to 21.78 msec.  The shortest latencies were produced with the SE method and the longest 
latencies were produced with the SitR method across all feedback conditions.  In contrast to P1 
latency, where the only significant differences were between the SE and SER methods, the N1 
latency produced with the SE method was significantly different from that produced with all 
three of the other methods.    
In general, mean latency measures reported in our study are consistent with previous 
studies (Akin et al., 2003; Zapala & Brey, 2004).  Following 100 dB nHL click stimulation Akin et 
al. reported a mean P1 latency of 12 ± 1.5 msec and an N1 latency of 19 ± 1.5 msec.  Although 
some of the latencies in our study were longer than 20.5 msec, Zapala and Brey have 
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documented P1 and N1 latencies as long as 21 msec and 29.3 msec, respectively.  While VEMP 
amplitude varies according to click intensity and level of SCM activation, latency was primarily 
believed to be unaffected by changes in either variable (Colebatch et al., 1994; Lim et al., 1995).  
More recent studies have demonstrated that latency is, however, affected by the type of 
stimulus.  VEMP responses generated by click stimuli have been shown to produce shorter 
latencies than those produced by tone burst stimuli (Cheng, Huang, & Young, 2003).  In 
contrast, no differences in latency have been noted with increasing tone burst frequency when 
subjects were tested during bilateral activation of the SCM in the supine position (Welgampola 
& Colebatch, 2001a) as well as during unilateral activation of the SCM in the sitting position 
(Akin et al., 2003).  In the present study using tone-burst stimuli of 95 dB nHL, a relationship 
was observed between latency and tonic EMG level during which both P1 and N1 latencies 
were noted to decrease as the level of tonic EMG activity increased.  Because response latency 
is useful in the diagnosis of certain conditions such as multiple sclerosis or large 
cerebellopontine angle tumor with brainstem compression (Murofushi et al., 2001b), future 
studies are needed to compare the effect of tonic EMG levels on response latency following 
stimulation by click and tone-burst stimuli. 
With the exception of a significant difference in latency measures between the SE and 
SER methods of activation for P1 latency and between the SE method and all three of the other 
methods for N1 latency, the method of SCM activation had no significant effect on latency.  Our 
study went a step further, however, to look at the effect of three different target EMG levels.  
Other than a significant difference between target EMG levels of 50 and 90 µV, target EMG 
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levels had no effect on P1 latency.  In contrast, N1 latencies differed significantly from one 
another at all target EMG levels.   
Although methodological differences make it difficult to directly compare the results of 
our study with that of others, the shorter P1 and N1 latency measures observed with the SE 
method agrees with the findings of a previous report in which the SE method was compared 
with the SR method (Wang & Young, 2006).  Following monaural stimulation and ipsilateral 
recordings Wang and Young found significant differences in both P1 and N1 latencies with the 
SE method when compared to the SR method, with significantly shorter latencies being 
produced with the SE method.  Our findings of consistently shorter P1 and N1 latencies with the 
SE method are also consistent with those of Huang et al. (2006) where P1 and N1 latencies 
elicited following bilateral acoustic stimulation using 105 dB NHL clicks resulted in significantly 
shorter P1 and N1 latencies than those elicited following monaural clicks.  Versino et al. (2001) 
recorded shorter P1 latencies but not N1 latencies with binaural stimulation vs. monaural 
stimulation.  Using monaural stimuli and ipsilateral recording methods Isaacson et al. (2006) 
compared VEMP responses using the SE method, SR with head not supported by the treatment 
table, and the SitR method and found no significant differences in P1 or N1 latencies among the 
three methods.   In contrast to our study, Wang and Young did not provide visual biofeedback 
to their subjects, but rather verbally guided them in maintaining a relatively constant EMG level 
(between 50 and 200 µV) while Isaacson (2006) used corrected amplitude measures by dividing 
raw amplitude of VEMP responses by the amplitude of the EMG in order to correct for varying 
EMG levels throughout recording.  Future studies with consistent stimulation and recording 
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modes that systematically adjust tonic EMG levels using different methods of SCM activation 
may help clarify some of these differences.   
Ito et al. (2007) using the same stimulation mode as the current study found a 
significant difference in N1 latency between testing in the supine vs. the upright position, 
observing longer N1 latencies in the upright position.  Eleftheriadou et al. (2008) using 140 dB 
click stimuli found statistically significant differences in N1 latency while eliciting VEMPs using 
monaural or bilateral acoustic stimulation and unilateral or bilateral recordings.  Significantly 
decreased N1 latencies were observed following monaural stimulation and bilateral recording 
when compared to monaural stimulation and ipsilateral recording, suggesting that the 
difference in latency might be the result of differences between bilateral and unilateral 
muscular activation.  Thus, while Eleftheriadou et al. attributed the differences in N1 latency to 
alterations at the level of the motor neuron, Ito et al. suggested that the differences might be 
attributed to alterations in excitability of the saccule due to gravitational effects in the supine 
vs. upright positions. 
 
Overall Summary of the Influence of SCM Muscle Activation Method  
and Target EMG Level on the VEMP Response 
We have shown that both the method of SCM activation and EMG levels interact to 
affect the amplitude, latency, AR, and EMG measurements.  While the SE method can reduce 
test time, it is often more difficult to elicit a VEMP response, thus increasing the likelihood of 
obtaining false positive results.  Decreased amplitudes observed with the SE method correlated 
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with decreased ability to achieve target levels of 70µV and 90µV during binaural stimulation 
and bilateral SCM activation.  Thus, the SE method may be most appropriate for young, healthy, 
physically fit individuals who are able to sustain the required tension in the SCM while 
supporting the weight of the head against gravity.  However, this may not be the most 
appropriate method for older patients or those with generalized weakness or cardiopulmonary 
dysfunction.  If a VEMP response is not obtained with the SE method, it may be important to 
follow up with testing using the SitR or SER methods.  Unilateral testing with SitR at a target 
level of 50µV or SER at a target level of 70µV was shown in the present study to provide higher 
amplitude and more consistent responses than those noted with the SE or SR methods.  
Although the SER method produced the highest amplitude responses, it is a more difficult 
position for subjects to maintain.  Fatigue and inability to remain focused on the task may affect 
patient compliance and ultimately affect results when using this method.  Thus, we propose 
that monaural-ipsilateral recording of the VEMP with the subject in the sitting position and a 
target SCM EMG level of 50µV are most advantageous in eliciting reliable and consistent VEMP 
responses.  
 
Test-Retest Reliability 
The results of this study suggest that VEMP testing is a reliable procedure when subjects 
are provided a means by which they can monitor the level of tension in the SCM muscle during 
recording of the VEMP.  Pearson product moment correlations were calculated as a general 
measure of the strength of linear association between amplitude, latency, and mean rectified 
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EMG measures at sessions 1 and 2.  Correlations of from .5 to 1.0 are considered high.  The 
reliability analysis based on Pearson’s rs indicated that there was from moderate to high 
reliability for each VEMP parameter depending upon method of SCM activation and feedback 
condition.  The results of Pearson’s rs values should be viewed with some caution, especially in 
the presence of outliers, of which a few were present with each method of SCM activation.  
Because the PMCC is not resistant to the effects of outliers, this lack of robustness may be an 
issue (Devlin, Gnanade, Kettenring, 1974; Wilcox, 2005).  Pearson’s rs values should also be 
viewed with caution with regard to SCM EMG levels.   The lack of variability in EMG levels when 
subjects were provided a target may have affected the meaningfulness of this value in 
interpreting the results.  
Test-Retest Reliability of Amplitude Measures 
Pearson Product-Moment Correlation coefficients showed strong reliability for 
amplitude measures in the SE method of SCM activation under all feedback conditions.  A 
tendency was noted for test-retest reliability to become poorer as target EMG levels increased.  
Of all methods used in this study, the highest test-retest reliability was observed with the SitR 
method at target levels of 50µV and 70µV and the SR method at a target level of 50 µV.  Overall 
test-retest reliability was better with all four testing methods when subjects were provided 
visual biofeedback.  These results are in contrast to those of Isaradisaikul et al. (2008) who 
found excellent reliability when subjects were tested with and without feedback using the SitR 
method of SCM activation.  Other studies have, however, found improved reliability of VEMP 
amplitude measures when subjects are provided biofeedback to assist in maintaining SCM 
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activation levels (Vanspauwen, Wuyts, & Van de Heyning, 2006; Versino et al., 2001).  Our 
results suggest that visual biofeedback improves test-retest reliability of the VEMP P1/N1 
amplitude.   
Because VEMP amplitude is directly proportional to the level of tonic muscle activation, 
it is important to take into account tonic levels of SCM contraction when comparing amplitude 
measures between recording sessions.  In general, test-retest reliability for SCM EMG level was 
highest when subjects were provided visual biofeedback to maintain constant levels of SCM 
activation throughout each recording procedure.  The highest test-retest reliability for EMG 
level occurred with the SitR method at target levels of 50 µV and 70 µV and with the SR method 
at a target level of 70 µV.  These methods and target levels correspond to the methods and 
target levels noted to also exhibit the best reliability for amplitude measures.  Thus, use of an 
objective and effective feedback method to maintain SCM activation at a specified level would 
be expected to result in more consistent amplitude measures from session to session. 
Previous studies have suggested that as long as subjects are able to maintain a mean 
rectified EMG level of at least 40 µV throughout recording, VEMP amplitude measures will be 
reproducible from session to session (Ochi et al., 2001; Isaradisaikul et al., 2008).  After 
adjusting for average muscle tone, Ochi et al. found no significant increase in test-retest 
reliability of VEMP amplitudes.  Maes et al. (2009), who applied a 500 Hz tone burst with a 
unilateral SCM activation with the subject in the sitting position using the inflatable cuff of a BP 
manometer for feedback, reported excellent reliability in amplitude measures.  Vanspauwen et 
al. (2009) similarly reported excellent reliability in amplitude measures using 500 Hz tone 
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bursts, a unilateral SCM activation in the sitting position with visual FB and a target level 70-
80% of MVC.  In contrast, Versino et al. (2001) using 145 db rarefaction clicks and a bilateral 
SCM activation in the supine position as subjects pushed the head against a load cell, reported 
only good to excellent reliability for amplitude measures.  Using a method of monitoring mean 
rectified EMG values similar to that used in our studies, Isaradisaikul et al. (2008) found test-
retest reliability to be excellent for P1/N1 amplitude measures.   
The results of the current study demonstrate that while each of the SCM activation 
methods demonstrated high test-retest reliability for P1/N1 amplitude and mean SCM EMG 
levels, the strength of the correlation was highly dependent upon visual biofeedback to aid in 
monitoring the magnitude of SCM contraction.  It is important to note that the most 
appropriate target EMG levels varied among the four different methods with a target level of 
50µV with the SR and SitR demonstrating the highest reliability for both P1/N1 amplitude and 
mean EMG level.  This large degree of variability in EMG mean rectified values among our 
subjects with each of the four methods when subjects were not provided a means of 
monitoring EMG activity levels supports the use of EMG monitoring in reproducibility of the 
VEMP.  The benefits of EMG biofeedback are 1) to ensure adequate levels of tension in the SCM 
muscle throughout recording and 2) to control for fluctuations in EMG levels during recording 
of the VEMP.  Mean rectified EMG levels are highly reliable with the use of EMG monitoring but 
demonstrate a large degree of inter and intrasubject variation when subjects are tested without 
visual feedback.  
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Test-Retest Reliability of Latency Measures 
Excellent test-retest reliability was noted for P1 latency with all methods with or 
without feedback with the exception of the SE method in the absence of visual feedback.  With 
the exception of the SR method, excellent test-retest reliability was noted for N1 latency with 
all methods with or without feedback.  In contrast to N1 latencies, test-retest correlations for 
P1 latencies were high with all SCM activation methods when visual feedback was provided.  
Maes et al. (2009) tested subjects with the sitting head turn method of SCM activation 
using an inflatable cuff of a BP manometer to monitor EMG levels while stimulating the saccule 
with 500 Hz tone-bursts.  Vanspauwen et al. (2009) similarly used 500 Hz tone bursts while 
testing subjects in the sitting head turn position, but provided visual biofeedback to maintain 
SCM levels of 70%-80% of MVC.  Versino et al. (2001) tested subjects with the supine elevation 
method using bilateral stimulation and bilateral recording techniques while the subjects pushed 
the head against a load cell.   While Maes et al. reported excellent reliability in amplitude as 
well as both P1 and N1 latencies, Vanspauwen et al. reported excellent reliability in amplitude 
and N1 measures only, while reporting only good reliability for P1 measures.  Versino et al. 
reported good reliability for P1 and N1 latencies and good to excellent reliability for amplitude 
measures.  Thus, our results are consistent with those of others.   
In summary, the results of this study suggest that the VEMP is a reliable procedure when 
subjects are provided visual feedback to aid in monitoring tonic levels of SCM activation 
throughout recording.  Test-retest effects have been demonstrated for several parameters 
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(P1/N1 amplitude, P1 latency, and N1 latency) with various methods of SCM activation, when 
tested without visual feedback, and at different target EMG levels when provided a means of 
monitoring EMG levels.  Because subjects were tested at least 1 week apart, we felt that test 
learning was not a factor.  It is important to note that reliability determined by testing healthy 
adults may be higher than tests performed on patients with vestibular dysfunction.  Because 
patients generally are weaker than healthy individuals, meeting the muscle tension demands 
with each of the different methods of SCM activation and at the varying target levels may be 
more difficult.  Overall, the VEMP responses in subjects with normal audiovestibular function 
were shown to be reliable but that EMG monitoring was an important factor in that reliability.   
 
Conclusion 
The SCM activation method and visual biofeedback were both found to have a 
significant effect on VEMP P1/N1 amplitude, N1 latency, EMG level, and difficulty ratings.  This 
study demonstrates the importance of providing patients a means of monitoring and 
maintaining the amplitude of the rectified EMG at a constant target level during recording of 
the VEMP.  Providing visual biofeedback decreases variability for P1/N1 amplitude and EMG 
level compared to testing without visual biofeedback.  The findings in this study also support 
the use of the SitR method in the clinical setting.  The SitR method at target levels of 50 µV or 
70 µV was noted to be best for accuracy and consistency in hitting the target level.  The SitR 
method at a target level of 50 µV also demonstrated the highest test-retest reliability for P1/N1 
amplitude.  No significant effect of SCM activation method was noted on interaural asymmetry 
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ratio.  Although the differences were not statistically significant, the interaural asymmetry ratio 
was noted to be lower with the SR and SitR methods when subjects were provided visual 
biofeedback.  Thus, monitoring of EMG activity appears to be especially important when 
interpreting VEMP test findings when using the SR and SitR methods of SCM activation. 
While no evidence to reject or strongly favor a specific method was found, monaural-
ipsilateral recording with the SitR method was found to be advantageous for a number of 
reasons.  This study supports continued research of cervical VEMP testing using various modes 
of SCM activation.  By studying specific patient populations (peripheral vs. central dysfunction 
and young vs. elderly patients), future research may be able to better determine the most 
appropriate method of SCM activation for patients with varying diagnoses and neuromuscular 
capabilities.  Furthermore, future research should determine the optimal stimulus presentation 
and recording procedures to obtain robust, reproducible responses in different patient 
populations.  Such standardization of equipment parameters, testing protocols, and clinical 
uses will contribute to the usefulness of the VEMP as a test that can provide valuable diagnostic 
information regarding saccular and inferior vestibular nerve function.  
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